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Abstract   
 Habitat restoration can partially compensate for the extensive loss of 
coastal wetlands, which are transitional habitats that form the barriers between 
seas and oceans and the terrestrial environment. Coastal wetlands historically 
due to their location have either been altered by flooding or draining to suit 
human needs. Coastal wetlands when left unaltered function as water filters, 
flood buffers, nurseries for juvenile nekton and as wildlife habitat for birds and 
animals. Creation of costal wetland habitat with intact ecological functions 
remains a challenging task. Paull Holme Strays (PHS) is an example of a 
restored coastal wetland on the Humber Estuary, UK. This site was restored to 
natural coastal wetland in 2003, and is an effort in the restoration of both mud flat 
and salt marsh. To evaluate immediate restoration success of the restored 
wetland at PHS, the development of the abiotic [environmental] and biotic 
parameters (benthic invertebrate community development, shore bird 
assemblages and fish assemblages) at PHS were monitored. for the 3 years 
following restoration and compared to adjacent unaltered mudflats and salt 
marshes. In addition to the field surveys experimental studies on the colonization 
of halophytes within the salt mars were conducted. The study indicates that an 
abiotic factor such as sediment accretion is occurring at a rapid rate in the 
northwest of the restoration site. Grain size and organic content have remained 
constant and are at levels comparable to those in a natural reference habitat. 
The study also indicates that there has been an immediate biotic response to 
restoration, as both the biomass and species richness of invertebrates using the 
 xi 
restoration site have increased since monitoring began, however levels are still 
lower than those of the natural reference habitat. Shorebird species diversity and 
densities were frequently as high in the restored habitat of PHS as in reference 
natural habitat between 2004 and 2005, although each species preferred specific 
sites. The examination of fish assemblages between 2004 and 2006 revealed 
that densities and species diversity were as high or higher in the restored habitat 
of PHS in comparison to reference unaltered habitats.  The experimental studies 
of halophyte colonization, aimed to determine whether colonization could be 
expedited and showed that doing nothing to compacted farm soils prior to 
reinstatement of the flooding provided the best for initial colonization. These filed 
surveys that were conducted show that although restoration of PHS provided 
adequate habitat for some wetland species immediately, it takes decades for 
restoration sites to develop completely. Experimental manipulations allow 
evaluation of ecological functions and can supplement structural assessments of 
restoration success. This work indicates management measures, which will allow 
the development of new restoration sties to occur more rapidly, allowing for 
costal wetland function to start sooner.
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Chapter 1 
Introduction 
 
1.1. Estuarine wetland characteristics and their nature 
conservation interests 
 
Estuary’s are defined as the areas of wetland that form at the margins of 
the land and the sea with an input of freshwater (Elliott and McLusky, 2002). 
They are partially enclosed bodies of water, often have a soft tidal shore and its 
surroundings, are open to saline water from the sea and receiving fresh water 
from rivers, land run-off or seepages. Tidal flats are a major part of estuarine 
wetland ecosystems. They vary from soft muds and saltmarshs in the sheltered 
inner parts of estuaries to firm sand flats in the outer parts. Mudflats are 
important as they support large numbers of invertebrates such as crustaceans, 
molluscs and annelids on which fish and many national and international 
waterfowl feed (Cearreta et al., 2002). Higher up the intertidal zone occur 
saltmarshes, which occur in the intertidal zones of moderate to low energy 
shorelines along estuaries. They have ecological value in primary production, 
nutrient cycling, as habitat for fish, birds and other wildlife and in stabilizing 
shorelines (Hughes and Paramor, 1999; van der Wal et al. 2000; Dierschke and 
Bairlein 2004). Tidal flats are vulnerable to progressive land claim, bait and 
shellfish collecting, and the impacts of waste discharge and pollution (Pethick, 
2002; McLusky and Elliott, 2004). Maintaining healthy tidal flats is crucial to 
estuarine conservation since this habitat is the source of much of the richness of 
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the estuarine ecosystem (ABP Research, 1998). If healthy tidal flats are lost it 
can and will lead to loss of aesthetic qualities, and of economic opportunity 
(Bolam et al. 2002). Economic opportunity loss can be seen as a loss in potential 
profit made from taking advantage of the services that tidal flats provide. But 
more importantly it will lead to a reduction in biodiversity and losses in 
biodiversity can be seen in the reduction of services that the ecosystem is able to 
provide humanity (Snelgrove, 1999). Typically, the inner, sheltered parts of 
estuaries are muddy and the outer parts are sandy. On the upper tidal levels, 
characteristic salt marsh vegetation develops (Pethick, 2002).  
The widespread discharge of effluents entering estuaries has led to them 
being polluted, and has contributed to the perception by society of estuaries 
being wastelands. However, over the years as people have become more aware 
of nature and its conservation, efforts have been made to reduce the amount of 
pollution allowed to enter the estuaries through effluents by treating this 
wastewater prior to its entrance into the estuaries (McLusky and Elliott, 2004)  
 
1.2.  Loss of tidal flats and saltmarsh  
 
 Recently, large losses of wetlands have been reported globally, including 
the US (Phillips, 1986; Zedler, 1996; Schwimmer, 2001), Spain (Castillo et al. 
2000), England (Burd, 1992; Cooper et al., 2001) and the Netherlands (Dijkema, 
1987; Cox et al., 2003). These losses have been attributed to several factors 
associated with human development and climate change (Goodwin et al., 2001; 
Adam, 2002). In England, much attention has been given to the combined effect 
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of historic land claim and current sea-level rise on saltmarsh erosion. In times of 
relative sea level rise (i.e. a combination of land subsidence and sea-level rise) 
both tidal flats and saltmarshes must increase in elevation to avoid being 
‘ecologically drowned’. This has generated the assumption that these habitats 
must move inland in order to adjust to the rising sea level. In situations where 
land claim has resulted in the construction of seawalls close to the mean high 
water level (a common feature in the UK), tidal flats and saltmarshes will not be 
able to migrate further inland. This phenomenon is called ‘coastal squeeze’ 
(Doody, 2004). The situation however, is much more complex because the 
vertical range of a saltmarsh is not only controlled by sea level, but also by tidal 
range and sediment supply, whereas the horizontal extent is mainly affected by 
the local wind-wave climate (Allen, 2000). Whether or not a saltmarsh will be 
sustained in periods of relative sea-level rise depends on several, locally varying, 
factors. Nevertheless, in an attempt to halt any further losses and to promote 
salt-marsh development, the UK government has adopted a policy of managed 
realignment, which is the breaching or removal of coastal defense structures to 
allow tidal flats and saltmarshes to develop on formerly reclaimed land (Anon, 
1992). 
 
1.3 Managed realignment  
The notion of managed realignment to restore wetlands is practiced in 
various countries, albeit under a different names and driven by different 
incentives. In the US for example, the ‘no net loss of wetlands’ policy serves as a 
major incentive for mitigation projects in which the area of wetland habitat being 
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damaged or lost is re-created elsewhere (Zedler, 1996). The breaching of sea 
defenses is only one option amongst several mitigation measures (Zedler, 2001). 
Along the Dutch and German Wadden Sea coast, the option of de-embankment 
of summerpolders is currently pursued because of increased awareness of 
nature conservation issues together with the diminished value of reclaimed land 
for agricultural exploitation (Wolff, 1992; Alhorn and Kunz, 2002). The 
saltmarshes in this area have mainly developed as a result of artificial 
reclamation works (Dijkema et al., 1980), which involved the construction of 
sedimentation fields surrounded by brushwood to enhance sediment accretion, 
followed by the excavation of ditches to improve drainage and accelerate plant 
establishment (Bakker et al., 2002). Once continuous vegetation had developed, 
these salt marshes were embanked by a low summerdike that would protect the 
newly claimed land from flooding in summer but not during storm surges or high 
tides in winter (Bakker et al., 2002; Alhorn and Kunz, 2002). The so-called 
summerpolders were mainly used for cattle grazing and hay making. 
In the United Kingdom, large areas of high salt marsh have been claimed 
successively in the past (Davidson et al., 1991) and mainly used as freshwater 
grazing marsh (Doody, 1992). When techniques for protection against tidal 
flooding improved, several grazing marshes as well as newly enclosed land were 
transformed into arable fields (Williams and Hall, 1987; Doody, 1992) and 
seawalls were built further seaward. Nowadays, the diminishing value of arable 
land together with an increasing cost of seawall maintenance form the primary 
motives for managed realignment. In addition, the UK has a legal requirement to 
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compensate for salt-marsh loss in order to comply with national and international 
policies on the conservation of wetland habitat (Pethick, 2002). 
The concept of managed realignment or de-embankment to re-create 
wetlands is not new. In the past, accidental breaches in seawalls have occurred 
as a result of storm surges and, when left unrepaired, the newly inundated land 
often became transformed into salt marsh (Burd et al., 1994). A total area of c. 
2700 ha of embanked summerpolders can be found in the Wadden Sea, with 
1000 ha in the Netherlands and 1700 ha in Germany. The total area of land 
claimed in the UK is 89,000 ha (Davidson et al., 1991), but here the embankment 
often functions as the main sea defense restricting the potential for de-
embankment. 
1.4. Tidal flat and saltmarsh restoration  
 
 Success of tidal flat and saltmarsh restoration is judged on whether or not 
a self-sustaining community is established that attempts to recreate a natural 
ecosystem (Beeby, 1993). When creating tidal flats and saltmarsh using 
realignment techniques the starting point is considerably different from what 
would naturally happen with sea level rise (French, 2006). Under natural sea 
level rise adjustment, tidal flats and saltmarsh slowly move landward and 
upward. But with managed realignment this landward movement occurs all at 
once. Therefore it is important to consider whether it is ever possible to achieve a 
fully naturally functioning tidal flat/ saltmarsh ecosystem given the non-
naturalness of the starting point (French, 2006). Additionally, time is an important 
issue to keep in mind when measuring restoration success as recruitment of 
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species tends to be successional with lower levels of the food chain needing to 
become established as food sources, and for vegetation to become established 
for fish habitat (Weinstein et al., 2005). Therefore, when trying to establish 
ecological goals of a restoration site there has to be clear objectives and a 
realistic appraisal of what is possible (Simenstad et al., 2006). The decisions may 
have economic and social dimensions to them therefore the following must be 
considered: 
1) Our capacity to restore the site: is it realistic to believe that we can 
restore the site or are their physical and/ or chemical constraints 
that are preventing this? 
2) Financial constraints on the reclamation process. 
3) Local needs, ecological, social, or economical: land reclamation/ 
restoration may not be done because a valued plant or animal 
community has been established on the site. 
4) Pollution of the surrounding areas. 
Successful restoration of plant communities depends on the availability of 
target species, the ability of the species to reach a target area and the presence 
of suitable environmental conditions that allow the species to germinate and 
establish (Wolters et al., 2005). The establishment of algae, plankton and plants 
is vital for a successful restoration as they are ultimately responsible for primary 
production in estuary ecosystems (ABP Research and Consulting Ltd, 1998). 
Some research done by Hughes and Paramor (2004) has suggested that in the 
south east of England biological factors can dominate the establishment of 
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saltmarsh, stating that grazing by both the ragworm (Nereis diversicolor) and the 
mud snail (Hydrobia) lead to the failure of marsh development. There have been 
few studies on fauna colonization of restored habitats as the primary aim of 
managed realignment is the restoration of saltmarsh (French, 2006), which 
stabilizes sediment, thus reducing erosion. Studies involving fauna have largely 
related to restored wetland utilization by fish (Colclough et al., 2005) and birds 
(Atkinson et al., 2004; and Mander et al., 2007), with little research having been 
carried out on invertebrate colonisation (French, 2006). This has lead to a lack of 
information on macrofaunal colonisation and community development initially 
following habitat restoration.  
1.5. The Humber estuary and Paull Holme Strays 
 
The Humber estuary is of high economic and social value with ports, 
chemical industries, oil refineries and power generation plants, together with a 
population of over 300,000 on its banks and 12 million inhabitants within the 
whole catchment (Edwards and Winn, 2006). Additionally the estuary is of great 
ecological importance, it has been designated a European Marine Site, SPA 
(Special Protection Area), cSAC (Candidate Special Area of Conservation), SSSI 
(Site of Special Scientific Interest) and Ramsar site. Therefore, whilst flood 
defence is a priority it must be carried out in compliance with the requirements of 
the European Habitats Directives and UK Habitats regulations 1994 (Edwards 
and Winn, 2006). 
Paull Holme Strays, breached in 2003, was the first managed realignment 
site on the Humber estuary and, given the importance of nature conservation on 
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the Humber, has the dual role of coastal protection and habitat restoration. The 
site covers 90 hectares and is one of twelve potential managed realignment sites 
within the Humber catchment (Environment Agency, 2005). Paull Holme Strays is 
located on the north bank of the Humber estuary, approximately 10 km to the 
east of Hull and 35 km from the North Sea at Spurn Point, in the middle region of 
the estuary. 
1.6. Aims, Objectives and Hypothesis 
  
In the previous sections the incentives for tidal flat and saltmarsh 
restoration, the evaluation of success and a framework summarizing the factors 
that are involved in tidal flat and saltmarsh restoration have been presented. 
Based on this information I propose the following conceptual diagram (fig 1.1) 
this diagram shows the theorized interlinking’s between processes that occur 
within a restoration site. The following questions will be addressed in this thesis:  
1. What are the initial physical parameters physical of a restoration site and 
how do they relate to biological functioning? (Chapter 2) 
 
2. How can we assess actual dispersal (i.e. the deposition of seeds at the 
soil surface) of salt-marsh species by tidal water? (Chapter 3) 
 
3. Which salt-marsh species are dispersed into a restoration site after de-
embankment and what is the relationship with the established vegetation? 
(Chapter 3). 
 
4. How does the vegetation develop after de-embankment? (Chapter 3)  
 
5. What invertebrates initially colonise a restoration site? (Chapter 4) 
 
6. How does the invertebrate community develop and change initially 
following de-embankment? (Chapter 4) 
 
7. How do birds used restoration sites and do restoration sites add to the 
carrying capacity of the larger environment? (Chapter 5) 
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8. What fish initially colonise a restoration site? (Chapter 6)  
 
9. How does the fish community develop and change initially following de-
embankment? (Chapter 6) 
 
10. Do fish diet and invertebrate community within the restoration site match? 
(Chapter 6) 
 
11. Finally, Chapter 7 will set out what the different chapters have contributed 
to our understanding of wetland restoration, development and the evaluation of 
restoration success and what the implications for future restoration are.
 
 
 
 
 
 
 
 
Fig 1.1: Conceptual diagram showing the interlinking between the process that 
occur with the restoration of an estuarine wetland habitat. 
 
Invertebrates 
Hydrology 
Salinity, 
Temperature, 
Water 
movements, 
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Geographical information 
Sedimentation, 
Topography 
Sediment properties 
Redox 
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Chapter 2 
 
Physical properties of the restored Wetland at Paull 
Holme Strays  
2.1 Introduction 
 
  
 A macrostructural view of the restored habitat at Paull Holme Strays (fig 
2.1) provides a basic framework for understanding the inter-relationships that 
drive the various ecosystems found within. At this basic level, habitats can be 
identified in terms of topographical and/ or bathymetric criteria. Allowing for 
the establishment of intertidal, subtidal, benthic and pelagic zones. This is 
important, as each habitat is unique and specific in the pressures that it 
exudes; which is reflected in the structure and functioning of organisms found 
within (Levinton, 2001). 
Galatowitsch and Van der Valk (1996) stated that the definitive test of 
success for restored wetlands is how closely they function like natural 
wetlands. Currently, the ability of a restored wetland to replace natural 
wetlands function is a topic of considerable debate (Zedler and Callaway, 
1999; Stolt et al., 2000; Hunter and Faulkner 2001; Spencer et al., 2001). 
Physical properties of restored wetlands have almost always been shown to 
differ from natural wetlands (Verhoeven et al., 2001). For example, a restored 
wetland will usually have a lower soil organic matter content than a natural 
wetland (Confer and Niering, 1992; Bishel-Machung et al., 1996; Galatowisch 
and Van der Valk, 1996; Shaffer and Ernst, 1999; Whittecar and Daniels, 
1999; Campbell et al., 2002). Such soil conditions can lead to low growth and 
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survival of colonizing species. As a result of the low organic matter content, 
the microbial communities of the soil in restored wetlands are considered less 
viable than those of natural wetlands (Duncan and Groffman, 1994).  
As sediments are the physical foundation of every wetland ecosystem, 
and developing biotic communities are dependent upon them for many vital 
resources, like nitrogen cycling. An integration of the sediments with the plant 
and animal communities provides the structure for the many functions 
associated with wetland ecosystems (Brinson, 1993; Mitsch and Goselink, 
1993; Brinson and Rheinhardt, 1996). Many of these functions, such as traps 
for sediment, sinks for various non-point source pollutants and zones for 
dentifrication of nitrate-laden ground water, are difficult to measure (Stolt et 
al., 2000). In the place of direct measurements, sediment and landscape 
properties can be measured and then related to the potential of the wetland 
function in one or more of these capacities (Maltby, 1987; Kentula et al., 
1992). Sediment properties such as the presence of redoxomorphic features, 
and organic matter distribution, reflect the health of a wetland environment 
(Bishel-Machung et al., 1996).  
It is widely accepted that the hydrology and hydrologic regime of 
wetlands is a major if not principal factor affecting the structure and functions 
of wetlands (Cole et al., 1997). Hydrology affects the structure of both borrow 
pit basins, and mudflats, through the control of the deposition of sediments 
(Winter, 1999). Local geologic conditions can affect surface–groundwater 
exchange in wetlands (Winter, 1999). Hydroperiod is related to detritus 
processing, decomposition rates are slower and organic matter accumulates 
in longer hydroperiod areas of a wetland (Barlocher et al., 1978; Kirkman et 
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al., 2000). 
As very few restored wetland projects take any consideration of 
physical characteristics (Shaffer and Ernst 1999), additional data on the 
development of physical properties in restored wetlands is needed to indicate 
whether they are actually proceeding toward natural wetland ecosystem 
functioning and if they will be able to replace the functions performed by the 
impacted wetlands (Spencer et al., 2001). Furthermore, physical 
characteristics are useful parameters for comparison across sites, as some 
can be easily measured in the field or laboratory (Bishel-Machung et al., 
1996).  
For this investigation, I chose to observe the hydrology, measure 
accretion/ erosion rates, temperature and ph of the borrow pits, soil particle 
size and organic matter/ water content shown to be: (1) an excellent indicator 
of soil quality; (2) well correlated with a number of important wetland 
processes such as respiration (Howard and Howard 1993) and denitrification 
(Brettar and Hofle 2002). 
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Fig. 2.1: Restoration site on the middle Humber estuary at Paull Holme 
Strays. The map shows both the old flood defence wall (green line) and the 
realigned wall (green line with red dots in it), it also shows the access roads 
(red lines) also shown are the location of the lighthouses and Thorngumbald 
drain. ** Map modified from IECS map of PHS
 
2.2. Materials and methods  
2.2.1. Hydrographic mapping 
A base map of the managed realignment site was constructed by 
walking the perimeter of the site at the bottom of the sea wall, marking each 
change in orientation of the embankment upon a GPS. This map was then 
used to describe the pattern of tidal inundation at the managed realignment 
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site. A tidal cycle with a high water height of 6.7m above chart datum (falling 
in the middle of the spring neap cycle) was used as an approximation of mean 
high water, based on almanac tidal predictions (Featherstone and Lee-Elliott, 
2003). High water times for each day of study were determined using online 
predictions (Easytide, 2004). Preliminary observations showed that tidal 
inundation through the eastern breach did not occur on a 6.7m tide, therefore 
mapping the inundation of the site could be completed through mapping the 
inundation at the main breach at the west end of PHS. Mapping was done on 
two consecutive days. Mapping took place from two vantage points on top of 
the flood defence wall on opposite sites of the western area of the site; this 
was done to provide a complete view of tidal action from within the site. Maps 
were drawn every 30 minutes starting at high water and ending at low water 
2.2.2. Topographical survey 
 38 transects were set-up at 70-metre intervals along the Northwest- 
Southeast axis of the site. Elevation sampling points were defined using a 
UTM grid with a 50m resolution, which were located by GPS. Sampling points 
were approximately 71m apart according to Pythagorean geometrical theorem 
(Weinstein, 1999). Transects were of different lengths, due to changes in the 
width of the site. In addition to these sampling points there were a number of 
supplementary points taken in order to improve the accuracy of the 
topography of the site. The latter included taking measurements along the 
inside of the site perimeter along the bottom of the sea walls.  
 To integrate the elevation measurements to the geodetic OS network, 
comprising elevations above Ordnance Datum (OD), the measurements were 
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all made in relation to the OS benchmark immediately to the north of the site. 
The height of the benchmark is 2.246m OD (Garbutt, 2004). 
 Measurements were recorded using a Horizon 2024 theodolite and an 
‘E-staff’. Elevations were made using the line of collimation method (Bannister 
and Raymond, 1975; Bannister et al, 1998; Clancy, 1991). This technique 
requires that sets of measurements be taken relative to a virtual horizon plane 
of constant elevation (Fig. 2.2.), until distance or terrain make the E-staff no 
longer visible through the scope. When this occurs the position of the scope is 
reset, using a ‘fore sight’ before the scope is moved and a ‘back sight’ to the 
same E-staff lactation after the scope is moved. This establishes a new 
horizontal plane, and a new set of ‘intermediate sights’ can be made that can 
be related back to the previous sets of measurements. 
 
 
Fig. 2. 2:  Line of collimation survey method. A leveling instrument is 
positioned midway between a point at which the ground elevation is known 
(point A) and a point whose elevation is to be measured (B). The height of the 
instrument above the datum elevation is HI. The surveyor first reads a 
backsight measurement (BS) off of a leveling rod held by his trusty assistant 
over the benchmark at A. The height of the instrument can be calculated as 
the sum of the known elevation at the benchmark (ZA) and the backsight 
height (BS). The assistant then moves the rod to point B. The surveyor 
rotates the telescope 180°, then reads a foresight (FS) off the rod at B. The 
elevation at B (ZB) can then be calculated as the difference between the 
height of the instrument (HI) and the foresight height (FS).  **Image adapted 
from Wolf & Brinker, 1994
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2.2.3. Accretion/ Erosion Monitoring 
Pairs of bamboo canes were placed 150 cm apart and pushed into the 
sediment to a depth to ensure their stability, and their ability to withstand 
displacement by the currents. The heights of the two canes were adjusted 
with the aid of a spirit level, so that the tops of the canes across the top were 
level. 
 Many of these accretion/ erosion stations were the same that were 
used in a previous study done by Boyes and Mazik (2004) where a total of 8 
monitoring stations were positioned within the managed realignment site 
provide measurements of change at the high, middle and low shore (Fig. 2.3). 
Monitoring took place between December of 2003 and June of 2005. With 
data collected prior to March of 2004 came from Boyes and Mazik (2004). 
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Fig. 2.3: Accretion/ erosion monitoring stations from within the restoration site 
at Paull Holme Strays. ** Map modified from IECS map of PHS 
 
 Ranwell (1964) methodology for calculating rates of change in 
accretion and erosion was used. Measurements of the elevation of the 
sediment relative to the tops of the canes were taken at one-month intervals. 
At each station a cane was placed horizontally across the top the pair of 
vertical canes, and held in place with ‘Blu- tak’. Five measurements were then 
taken between the distances from the mudflat surface to the horizontal cane 
at 25 cm intervals between the two vertical canes.  Measurements were made 
no closer than 25 cm to the parallel canes, due to the potential of scouring 
around each cane, which could distort the accretion/ erosion rates determined 
across the centre of the station (Boyes and Mazik, 2004). The five 
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measurements were used to compute a single mean value and standard error 
(SE) for each station, for each monitoring occasion. 
2.2.4. Water quality measurements 
 Measurements of water quality of the four major water bodies at the 
site were taken monthly from June 2005 to July of 2005 (Fig. 2.4) at low water 
at one point. Measurements for temperature and pH were taken using a pH 
probe by HANNA. The pH meter was calibrated before each sampling 
occasion using standard pH solutions. Temperature and pH measurements 
were taken after a period of one minute, this allowed the probe adjust to the 
physo- chemical conditions at each site. Measurements for salinity were taken 
using a Bellingham and Stanly handheld refractometer. Before each sampling 
occasion the refractometer was calibrated to zero using distilled water, and 
the prism was rinsed with distilled water between each measurement.  
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Fig. 2.4: Locations of water quality measurements from within the restoration 
site at Paull Holme Strays. ** Map modified from IECS map of PHS
 
2.2.5. Redox measurements 
Redox measurements were taken from12 stations (Fig. 2.5) within the 
restored site every centimetre to a depth of 5cm, at low water from November 
2004 to July 2005.  These sites correspond to sites that were also used to 
look at benthos colonization (chapter 4). Measurements were taken using a 
HANNA HI 991002 meter and probe. Prior to each sampling occasion the 
probe was cleaned with HANNA HI-7061 probe cleaning solution and then 
stored in HANNA HI- 70300M storage solution. At each site for each depth 
the probe was allowed to stabilize to the physio- chemical parameters prior to 
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any readings being made. Between each station the probe was cleaned with 
distilled water. 
 
 
 
 
 
 
 
 
 
Fig. 2.5: Redox monitoring stations at Paull Holme Strays. Redox 
measurements were taken every cm to a depth of 5 cm. ** Map modified from IECS map 
of PHS 
 
2.2.6. Sediment Particle size analysis, Water and Organic 
content 
Sediment samples were collected monthly from July 2004 to 
September 2005 at 14 stations through out the site  (Fig. 2.6).  Sediment 
samples were taken at low water from the top 2 cm of undisturbed surface 
material with a plastic scoop. Sediment was collected at least 1cm away from 
any surface disturbance.  
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Fig. 2.6: Sediment Particle size, Water and Organic content 
monitoring stations within the restoration site Paull Holme Strays. Sediment 
samples were collected from the top 2cm. ** Map modified from IECS map of PHS
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Samples were placed into labelled plastic bags and then stored at 
approximately 4° C by placing them on wet ice inside of an ice chest until 
returned to the laboratory. Once in the lab they were stored at 4° C until 
analysis.  Samples were thawed and sieved to check for particles of a size of 
1mm or larger. If found all particles of a diameter of 1mm or larger were 
removed and analyzed using the sieve method. Samples and parts of 
samples that had no sediments larger than 1mm were transferred into 100 ml 
glass beakers and homogenized by vigorously stirring them with a glass rod 
for 1 minute to prevent bias due to settlement.   Once homogenized, 
approximately 1 to 2 grams of each sample was placed into a 1000 ml beaker 
along with 800 ml of 80° C water. Water of 80° C was used as it reduces the 
solubility of gases, which result in the formation of bubbles. Bubbles are a 
problem as they are measured with the sample and are counted as particles- 
biasing the results. Samples were then analyzed using laser diffraction with a 
Malvern Mastersizer hydro 2000 MU, which calculated the grain size of the 
sediments in (PHI).  
50 grams of each sediment sample was taken for water and organic 
content analysis. Samples were placed in pre- weighed crucibles that had 
been cleaned and dried in an oven set at 85° C. Samples were then weighed 
±0.001g and placed in an oven set at 85° C for 24 hours. The dried samples 
were then reweighed, and the change in sediment mass i.e. water content 
was expressed as a percentage of weight loss after 24 hours in an 85° C 
oven. The samples were put into a muffle furnace set to 475° C; once the 
furnace reached 475° C the samples were kept at that temperature for 4 
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hours (Buchanan, 1984). After 4 hours the samples were allowed to cool to a 
temperature of 80° C before being removed from the furnace. They were then 
reweighed to determine the change in sediment mass and the difference i.e. 
the organic content which was expressed as a percentage of weight loss on 
ignition (% LOI).  
2.3. Results 
 
2.3.1. Topography 
 The difference between the highest and lowest elevation from 
within the site was 9.3 m. The difference between the elevation of the lower 
limit of the developing saltmarsh and the developing mudflats of the site was 
2.7 m. There was a difference of 8.5 m between the upper and lower areas on 
the west end of the site and a difference of 1.7 m on the east end of the site. 
Elevations above OD are displayed graphically in Fig. 2.7. Areas of Fig. 2.7 
displayed in red and orange are never flooded, while areas in yellow are only 
flooded on tides with a high water of 6.7 m or greater, and areas in green and 
blue are flooded with every high water. 
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Fig. 2.7. Contour map of Paull Holme Strays restoration wetland.
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2.3.2. Hydrographic mapping 
Paull Holme Strays experiences a semi- diurnal tidal regime with a 
mean tidal range of 2.7 metres and a spring tidal range of 5.8 metres. All tidal 
exchange occurs through the two breaches that have been cut into the 
existing flood defence wall, with a relatively simple flood- ebb pattern. Water 
is forced into the restoration site through the two breaches in the existing 
floodwall with the flooding tide, once the water has entered through one of the 
two breaches it then slowly dissipates through the restoration site by flooding 
the lowest lying areas first. Once the lowest lying areas flood and as water 
continues to enter the site higher laying areas begin to flood. However, the 
lack of a secondary system of smaller channels limits the circulation into the 
mid- and high- marsh plain on neap tides. 
An estimation of the area of inundation at stages throughout the tidal 
cycle was made (Fig. 2.8). The sequence indicates that the tidal curve is 
sigmoid with slow change occurring just before and after times of high and 
low tide are separated by periods of rapid change. This suggest that draining 
of the tidal prism is a constant process and that there is no low water slack 
period, as soon as the tide has finished ebbing it then starts to flood again.  
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Fig. 2.8: Inundation of the Paull Holme Strays based on a mean high 
water tide of 6.7 m. Maps start in the upper left at Low water and work up in 
hour increments to Low water + five hours. 
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Fig. 2.8: continued. Maps start in the upper left at High water and work 
up in hour increments to High water + five hours. 
 
 
2.3.3. Sediment Particle size analysis, water and organic 
content 
None of the sites monitored had gravel present in as part of there 
sediment composition (Fig.2.9). Therefore sediments were composed of just a 
mixture of sand and silt/ clay. Sand content ranged from a minimum of 6% to 
a maximum of 78% of the sediment composition based upon site, and silt/ 
 30 
clay ranged from a minimum of 83% to a maximum of 93% of the sediment 
composition based upon site (Table 2.1). A Kruskal-Wallis test showed that 
there was a statistically significant difference in grain size (PHI) (χ2= 38.899; 
d.f. = 24; p< .05), percent sand (χ2= 42.637, d.f. = 24; p< .05), and percent 
silt/ clay (χ2=42.568; d.f. = 24; p< .05) of the samples based upon site, 
however due to a lack of degrees of freedom it was not possible to determine 
where the differences lie.
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Fig. 2.9: Mean sediment grain size of the top 2mm of sediment (± SD) from 
sampling stations within Paull Holme Strays. Data collected monthly between 
July 2004 and September 2005.
 
Sites contained on average between 9 and 12 % organic matter. A 
one-way ANOVA, together with Tukey’s test was performed to test the 
differences in organic content based upon station as the data met the 
assumptions of the parametric method based upon tests for normality and 
homogeneity of variance. The analysis showed a significant difference in the 
amount of organic content based upon site (F= 2.828; d.f.= 11,99; p< .01), 
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stations 1-A and 1-B had significantly higher organic content than station 6-A 
(Fig. 2.10).  
 
Table 2.1: N, Percent sand and silt (SE) from the top 2cm of sediment at each 
site. Data collected monthly between July 2004 and September 2005. 
Site N % Sand % Silt 
1-a 13 6.52 (2.00) 93.47 (2.00) 
1-b 13 19.14 (7.50) 80.85 (7.50) 
1-c 13 14.66 (4.24) 85.34 (4.24) 
2-a 4 78.34 (31.80) 68.20 (23.31 
2-b 4 33.15 (25.69) 66.84 (25.69) 
2-c 13 17.50 (9.35) 82.50 (9.35) 
3-a 14 16.40 (7.20) 83.59 (7.20) 
4-a 14 7.85 (2.54) 92.15 (2.54) 
4-b 14 16.94 (9.36) 83.05 (9.36) 
5-a 14 15.80 (8.20) 84.19 (8.20) 
5-b 14 12.90 (4.76) 87.09 (4.76) 
6-a 14 14.94 (7.36) 85.05 (7.36) 
7-a 14 7.10 (1.02) 92.92 (1.03) 
7-b 14 16.89 (6.14) 83.10 (6.14) 
 
The water content of the sediments taken from each sample is shown 
in Fig. 2.11. The amount of water varied by station ranging from 50% on the 
west end to 30% on the east end. A one-way ANOVA together with a Tukey’s 
test showed a significant difference in the amount of water present based 
upon site (F= 7.304; d.f.= 11, 88; p< 0.01). Site 5-b on the east end of the site 
had significantly less water content (p< 0.05) than stations 4-a, 1-b, 3-a, 2-c, 
1-a and 1-c. Station 6-a had significantly less water content (p< 0.05) than 
stations 3-a, 2-c, 1-a and 1-c. Site 7-a had significantly less water content (p< 
0.05) than stations 2-c, 1-a and 1-c. Station 7-b has significantly less water 
content (p< 0.05) than station 1-c. Fig. 2.12, displays the homogeneous 
subsets found.  
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Fig. 2.10: Mean percent organic content of the top 2mm of sediment (± SD) 
from sampling stations within Paull Holme Strays. Letters indicate a significant 
difference in the % organic content (p< 0.05, Tukeys test). Data collected 
monthly between July 2004 and September 2005.
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Fig. 2.11: Mean percent water content of the top 2mm of sediment (± SD) 
from sampling stations within Paull Holme Strays. Data collected monthly 
between July 2004 and September 2005. 
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Fig. 2.12: Homogenous subsets of similarity of water content between the 14 
stations examined within Paull Holme Strays.  
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2.3.4. Redox potential 
Redox potential ranged from oxidizing to reducing conditions (aerobic 
to anaerobic sediments) (Fig. 2.13). At sites on the western end where 
inundation is more consistent and frequent the redox potential discontinuity 
(RPD) was at a lower depth than on the east end of the restoration site (Fig. 
2.14). However, a one-way ANOVA showed that a difference in the RPD 
between sites was not significant (F= 1.86; d.f. = 10; 68, p>.05). A plot of the 
Eh4 (mV) (redox potential at 4 cm) (Fig. 2.15) showed that sites on the west 
end of the restoration site had reduced and anaerobic soils at a depth of 4cm 
while sites on the east end had slightly oxidized and aerobic soils. A one-way 
ANOVA showed that differences in Eh4 (mV) based upon site were significant 
(F= 2.776; d.f. = 11, 78; p< .05). A Tukey’s test showed that sites 1-a and 1-c 
where inundation was consistent and frequent had reduced soils and were 
significantly different (p< .05) than the soils at site 6-a which had oxidized 
soils due to less frequent inundation.  Seasonal patterns of variation in redox 
potential were observed with summer months having more reduced soils 
however; the results were not significant as tested with a non-parametric 
Kruskal-Wallis test (χ2= 7.617, d.f. = 3; p> .05). 
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Fig. 2.13: Redox potential at 1-cm, 2-cm, 3-cm, 4-cm and 5-cm depths for 
multiple sites in the constructed wetland at Paull Holme Strays. Data was 
collected between November 2004 and July 2005. 
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Fig. 2.13: Continued. 
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Fig 2.14: The redox potential discontinuity (RPD) based upon station. Data 
was collected between November 2004 and July 2005. 
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Fig 2.15: Eh4 (mV) (redox potential at 4 cm) based upon station. Data was 
collected between November 2004 and July 2005. 
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2.3.5. Accretion/ Erosion 
Mean total accretion/ erosion rates at the eight stations as recorded 
over the monitoring period can be seen in Fig. 2.16. The overall trend 
presented by the data is one of accretion. Fig. 2.16 shows that the higher 
levels of accretion are occurring in the far west of the site (stations 1-A, 1-B), 
however a high level of accretion can also be seen at station 7-A (Table 2.2). 
 A one-way ANOVA test, together with Tukey’s test was performed on 
the accretion/ erosion rates by station. This showed no significant differences 
in the accretion/ erosion rates between stations for all occasions when 
measurements were taken (F= 2.003; d.f. = 1, 6; p>0.05).  
Table 2.2: Summary of measured accretion rates across the site from west to 
east. 
 
 
Accretion 
Station 
Location 
within 
site (East 
= E, West = 
W) 
Mean 
change in 
elevation 
(mm) 
Mean daily 
accretion 
rate (mm 
per day) 
Net 
accretion 
(A) or Net 
erosion (E) 
1-a W 68 0.16 A 
1-b W 53 0.14 A 
1-c W 16 0.04 A 
2-c W 43 0.11 A 
3-a W 23 0.05 A 
5-b E 20 0.10 A 
7-a E 52 0.13 A 
7-b E 9 0.05 A 
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Fig. 2.16:  Mean change in elevation (Accretion/ Erosion) in millimetres (± SD) 
over time by station. Time period represents the number of months sampled. 
Samples were collected from December 2003 and June 2005. Stations are 
organized from the Northwest to Southeast.  
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Fig. 2.17: Mean change in elevation (accretion/ erosion) (± SD) at stations 
from Northeast to Southwest from December 2003 to June 2005. 
 
2.3.6. Water quality 
 Temperature (°C), pH and salinity were measured in the four borrow 
pits located within the site on a monthly basis between June 2004 and July 
2005. A Friedman’s non- parametric test showed no significant difference 
between the locations in relation to water temperature. However, Friedman’s 
non- parametric test showed changes in water temperature due to seasonal 
effects were statistically significant (Fig. 2.18) (χ2= 43.423, d.f. = 11; p<0.01), 
with a 15°C temperature drop in winter.  
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Fig. 2.18: Average monthly temperature of the water within PHS (restoration 
site) from June 2004 to July 2005. 
 
 Borrow pit location did not have a significant influence on the pH, 
although there were statistically significant changes with season (Fig. 2.19) 
(χ2= 33.269; d.f. = 11; p<0.01). The changes in pH point towards a trend of 
higher values in the summer and lower ones in the winter. 
 The salinity measured at each of the borrow pits showed no significant 
differences. But the salinity was statistically significantly different based upon 
date (Fig. 2.20)(χ2= 33.187; d.f. = 11; p<0.01). Unlike the temperature and pH 
that showed changes based upon season, salinity remained constant except 
for the month of August 2004 where it was much lower. This variation could 
have been due to the fact that it was very stormy conditions off shore that 
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month, with a lot of rainfall, thus allowing more fresh water than normal to 
enter the site, which in turn diluted the salinity. 
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Fig. 2.19: Average monthly pH of the water within PHS (restoration site) from 
June 2004 to July 2005. 
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Fig. 2.20: Average monthly salinity of the water within PHS (restoration site) 
from June 2004 to July 2005.
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2.4. Discussion 
 
Sediments are complex assemblages of inorganic and organic material 
that act as the basis for the development of biological functioning within a 
restoration site. Any given sediment is a function of parent material acted 
upon by organisms and climate over time (Jenny, 1961).  
 Differences found in organic matter across the site were seen and 
could have been due to in part to input and accumulation rates of organic 
materials. Differences could have also been due to small particles having 
bigger surface area to volume ratios than large particles, thus allowing small 
particles allowing to build up organic matter more quickly than large particles; 
fine sediments (small particles) are also less oxygenated (and therefore more 
reduced) than coarse sediments (large particles) therefore the organic matter 
does not break down as quickly; fine sediments will also have larger infaunal 
populations and perhaps more microphytobenthos and these will increase the 
organic content.  
Redox potential discontinuity of the substratum indicated that that 
anaerobic processes such as denitrification are possible. However, organic 
carbon is necessary to drive the microbial mediated denitrification process. 
Redox potential discontinuity near the surface is characteristic of flooded 
sediments (Ponnamperuna, 1972) and has been shown to be a limiting factor 
in plant colonization/ growth (Howes et al., 1981; Mendelssohn, 1981). Tidal 
flooding most likely influences many other important soil conditions 
(Ponnamperuna, 1972; Bertness and Ellison, 1987).  
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 An aim of the Environment Agency in the creation of Paull Holme 
Strays is that the 90 hectares will create 45 ha of mudflat and 45 ha of 
saltmarsh. The success of the managed realignment site in developing such 
habitats will depend, amongst other things, on the availability of sediments, 
there ablity to withstand the erosive actions of the waves and the tidal 
currents, while allowing sediment accretion to occur at a rate at least equal to 
local rates of relative sea- level rise (Watts et al., 2003). Even without the 
subsidence experienced at many sites (El- Sayed, 1996), this calls for 6 
mm year −1 of accretion to keep pace with current sea level rise. This rate of 
accretion has been far surpassed at the restoration site were the average rate 
of accretion was . 27 mm year -1.  
Compensation wetlands are created to replace natural wetlands that 
are lost as a result of human activities. The debate continues on whether 
created wetlands are similar to natural wetlands in their characteristics, 
environment and function. This study of a constructed wetland indicated that 
initial sediment properties such as percent sand, clay, and carbon are 
important in the function and health of a constructed wetland and are within 
the range found in natural wetlands. The range in partial size distribution in 
wetlands is dependent on sediment deposition and the variety of depositional 
energies in an alluvial wetland (Solt et al., 2000). When the mean hydro-
period is high, levels of organic matter are much higher (Aust, 1991). Low 
levels of organic matter may limit processes such as denitrification (Solt et al., 
2000). Some plants may be growth limited in constructed sites because of 
this. In the case of Paull Holme Strays organic matter made up an average of 
10% of the sediment. 
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In tidal wetlands, the site topography creates the particular hydrologic 
regime that determines vegetation type and establishment. Tidal wetlands 
morphologically evolve towards a dynamic equilibrium state in response to the 
particular combination of hydrologic and sediment regimes (Myrick and 
Leopold, 1963; Pestrong, 1965). Depositional processes tend to create the 
marsh plain at an elevation of approximately MHW and a tidal drainage 
network with channel density, order, and cross- sectional characteristics 
dependent primarily on the area of the wetland and the local tidal 
characteristics (Haltiner and Williams, 1987; Coats et al., 1995). When either 
the local or regional external physical processes (such as sediment supply) or 
the internal conditions (such as marsh plain elevation or channel 
characteristics) are altered, the wetland will respond by evolving a new 
equilibrium, via the processes of accretion or erosion. 
Animal burrowing and building, channelling during flooding, and 
sediment deposition and erosion aid in varying the topography of a wetland, 
this micro relief helps establish biodiversity in wetlands by providing areas of 
high and low habitat for various plants and animals (Golet et al., 1993). 
Sediment properties such as nutrient levels and pH may be affected by subtle 
changes in relief (Paratley and Fahey, 1986; Beatty, 1984).  
Little direct consideration has been given to ground water conditions in 
intertidal work (Haltiner et al., 1997). While it’s widely recognized that the 
shallow low groundwater zone creates the actual hydrologic regime 
experienced by the plant roots, it has been accepted that providing adequate 
tidal circulation would create the proper ground water and sediment moisture 
conditions for wetland plants. However, water levels that are too high will 
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result in habitat that will not support target vegetation or animals as the site 
tends to be under water more than predicted. If this is the case, it is difficult to 
remedy once wetland vegetation is established without disturbing the wetland 
again. If on the other hand water levels are to lower than expected and the 
major functions of the habitat are likely to be wildlife habitat, flood water 
storage, and sediment trapping, studies by (Solt ed al., 2000) have shown 
that there may not be major differences between constructed and reference 
sites. 
Results of this study look at physical parameters of a constructed 
wetland and, although the conditions examined were not a direct 
measurement of wetland function, each of the parameters measured served 
as a proxy for examining functionality. 
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Chapter 3 
 
Saltmarsh assemblages of the restored tidal wetlands at 
Paull Holme Strays 
3.1. Introduction 
 
Saltmarshes are plastic coastal features, shaped by the interaction of 
water, sediments and vegetation. For stability they require protection from high-
energy waves, therefore they are usually restricted to comparatively sheltered 
locations in five main physiographic situations: in estuaries, in saline lagoons, 
behind barrier islands, at the heads of sea lochs, and on beach plains. (Wiegert 
et al., 1981). 
The patterns by which plant communities become established on 
saltmarshes are directly related to the abiotic factors of the habitat, particularly 
elevation in relation to tidal level, which is generally regarded as the most 
important environmental factor affecting the establishment of saltmarsh species 
(Snow and Vince 1984), with soil salinity (Snow and Vince, 1984), waterlogging 
(Cooper et al.,2001), wave action (Wiehe, 1935) or soil aeration (Armstrong et 
al., 1985) as the main determinants of the seaward limit of species and 
interspecific competition for light (Ungar, 1998) and/ or nutrients (Levine et al., 
1998) as the main determinants for the landward limit of species (Fig. 3.1).   
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Fig. 3.1: Tidal zonation of saltmarsh vegetation. As sea level rises, the plant 
communities migrate inland to higher elevations. MHW=mean high water and 
MLW=mean low water. 
 
There is a trend of, saltmarsh restoration projects to focus on the 
restoration of the abiotic environment (Wolters et al., 2005) but recent studies 
have shown that availability and dispersal of the target species may be a 
bottleneck for successful restoration (Bischoff, 2002; Bissels et al., 2004; Wolters 
et al., 2005). The addition of seeds or plant material containing the target species 
greatly enhanced the establishment of those species in inland grassland 
communities (Pywell et al., 2002), floodplain grass-lands (Hölzel and Otte, 2003) 
and salt marshes (Rand, 2002). Many restoration schemes, however, minimize 
human intervention and the target species have to come in spontaneously.  
There are several sources from which the target species can colonize a 
restoration site. The fastest establishment is expected when the species are still 
present in the community species pool defined as the established vegetation and 
belowground seed bank of the target area (Zobel et al., 1998). In the case of 
managed-realignment sites, where seawalls are breached in order to restore tidal 
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inundation to previously reclaimed land, the presence of salt-marsh species in 
the community species pool is highly unlikely as most sites have been embanked 
and exploited for decades to centuries, resulting in the disappearance of 
halophytic species from the established vegetation. Presence in the soil seed 
bank is also unlikely, as the majority of salt-marsh species do not build up a long-
term persistent seed bank (Wolters and Bakker, 2002). Hence, the target species 
have to disperse into the restoration site from a local species pool (i.e. adjacent 
salt marsh) or regional species pool (i.e. all salt marshes within a 
biogeographically uniform region) (Zobel et al., 1998). A review of salt-marsh 
restoration at different de-embankment sites in northwest Europe showed that 
between 48 and 100% of the species present in the local species pool 
established in the restoration sites within 1 to 13 years after de-embankment. 
When compared to the regional species pool, only 26 to 64 % of the species 
established in the restoration sites (Wolters et al., 2005). 
 
 Armstrong et al. (1985) identified target species for the reestablishment of 
saltmarsh on the East coast of England at Welwick. They have stated that Cord 
grass has dominates the low marsh with low frequencies of Salicornia europaea 
and Suaeda maritima and Puccinellia maritima upon elevated areas. This 
association approximately corresponds to the NVC association SM6. Above the 
Spartina sp. sward, the prevalence of Puccinellia maritima increases to establish 
a transitional low-middle marsh SM10 association. As elevation increases further 
Aster tripolium co-exists with Puccinellia maritima, establishing a low-middle 
marsh community that corresponds most closely to a species-poor  
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variant of the Puccinellia maritima dominate subcommunity SM13. Rodwell 
(2000) primarily identifies this association as a lower marsh community, in 
accordance with its typical presence in West coast zonations, but recognizes the 
divergence in East coast communities, where reduced levels of exposure can 
generally facilitate distribution of floral associations to higher elevations than are 
typical of the West coast. Armstrong et al. (1985) identify a middle marsh and an 
upper marsh association at the higher elevations at Welwick. One of these 
associations is similar to the diverse NVC middle marsh community SM17, with 
significant presence of Limonium vulgare, Armeria maritima, Triglochin maritima, 
Plantago maritima and Festuca rubra. The middle marsh community at Welwick 
presents two issues. Armstrong et al. (1985) do not make reference to a 
significant presence of Artemisia maritima, identified by Rodwell (2000) as the 
dominant characteristic species of the SM17 community. This suggests that 
some qualification of the identification may be necessary. Armstrong et al. (1985) 
relate the community to the GSM umbrella of Chapman (1974), but the overly 
generic character of the description tends to accommodate associations of 
greater divergence than that for which the NVC categories typically aim to 
provide. This suggests that the GSM could represent a composite of more than  
one NVC community. It can therefore also be concluded that the middle marsh at 
Welwick represents a subcommunity of SM17, or a composite of SM17 and 
SM22, that requires further investigation. The upper marsh association evident at 
Welwick is the couch grass association SM24, dominated by Agropyron 
pungens, often to the extent that a monoculture of stiff clumps is formed 
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(Rodwell, 2000). This association often represents the termination of saltmarsh 
zonation.  
The aim of this chapter is to evaluate the process of salt-marsh restoration 
by (i) identifying and mapping the number of species colonizing the site within the 
first three years of breaching, (ii) analyzing spatial and temporal patterns in 
species abundance and (iii) determining whether an actual salt-marsh community 
has developed immediately following breaching. In addition, we investigate how 
the preparation of a site prior to breach effects the establishment of species 
target species from the local and regional species pools. 
 
3.2. Materials and methods 
 
3.2.1. Floral surveys 
Systematic sampling using belt transects (Offwell Wetland Survey, 2004) 
were used for base habitat mapping as the considerable heterogeneity of the 
distribution of vegetation across the site indicated that random sampling would 
not provide data representative of the site, as the site is composed of both 
saltmarsh and mud flat habitat. Seventeen transects were laid out to assess 
distribution of habitat types across the site (Fig. 3.2) at in late July of 2004 and 
2005. The transects were placed 200 metres apart in the east of the site, and 
100 meters apart in the west where the spatial heterogeneity of habitats was 
judged to increase. Transects through the central area of the site were 
established indirectly by estimation from on top of the sea wall (the permanent 
water body dominating this area precluded the use of formal transect 
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methodology). Commencing from the bottom of the sea wall at the south of the 
site, 1m2 quadrats were sampled at 60-meter intervals along a south west- 
northeast axis for each transect.  The percent cover of vegetation (each plant 
species), dead terrestrial plants, exposed sediment and open water was 
recorded within each quadrate, using visual estimates. Visual estimates were 
carried out by myself and a handful of volunteers, prior to a survey all volunteers 
were trained in how to make visual estimates. Vegetation identifications were 
made with reference to Clapham et al. (1987), and through the illustrations and 
descriptions of Burd (1994), Hubbard (1984), Blamey and Wilson (1989), and 
Rose (1981). 
 
 
 
Fig. 3.2: Transects used for the mapping of vegetation at Paull Holme Strays in 
July of 2004 and 2005. 
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3.2.2. Seed dispersal 
 Seed traps were made from 35 x 45 cm polyethylene Astroturf mats. Each 
mat contained ≈ 1300 tufts with a diameter of 0.5 cm at the base and consisting 
of eight 1.5 cm high shoots. The mats were fastened to the salt-marsh surface at 
the four corners by 15 cm long galvanized steel spikes. A plastic bag was placed 
under the Astroturf mats to avoid seeds from the soils surface adhering to the 
bottom of the mats (Wolters et al., 2004). All vegetation taller than 20 cm that 
was within 2 m of the mats was cut back to the soil surface. Trimming was done 
in an effort to eliminate potential seed collection bias by plants in close proximity 
to the collection mats. 
 Three replicate Astroturf mats were placed at each of the 2 sampling 
stations. Station one within the realignment site at Paull Holme Strays, is located 
in the centre of the realignment at an elevation of 3.1 m  (Fig. 3.3). The 
established vegetation at this site consisted of Salicornia, Aster and Elytrigia, and 
represents the average development of saltmarsh within the realignment site. 
Station two was within the natural saltmarsh habitat at Cherry Cob Sands, (which 
is the marsh adjacent to Paull Holme Strays). Mats at Cherry Cobb Sands were 
placed in the middle marsh, as this habitat is representative of the habitat aimed 
to be achieved at the realignment site.  
 The Astroturf mats were collected and replace every month starting in 
September 2005, with the final collection in March 2006. Upon collection each 
mat was placed in an individual bag, and transported back to the lab to be rinsed. 
Rinsing was done by standing the mats upright in a 0.5mm mesh sieve and 
directing a jet of water from the top of the mat to the bottom. Depending on the 
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amount of accumulated sediment, it took between 5 and 15 minutes to 
completely rinse a mat. When necessary, the material collected on the sieve was 
washed gently to remove any surplus of fine sediment, which would pass through 
the 0.5 mm mesh sieve. The remaining material was then spread in a thin layer 
(< 5mm) on a tray filled with sterile potting soil. The samples were then stored in 
a dark cold room at 4°C for 1 month to allow for cold stratification. After this 
period the samples were transferred to a glasshouse (25° C day temperature, 
15° C night temperature, 15 hours light, automatic watering for 1 min twice a 
day). For every 10 trays, a control tray without sample was placed to check for 
seeds blown into the greenhouse. Emerging seedlings and tillering stolons were 
identified, counted and removed as soon as possible, or in cases where there 
was difficulty with identification they were transferred to flowerpots in case 
flowering was needed for identification. 
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Fig. 3.3: Location of Astroturf mats used to look at seed dispersal at Paull Holme 
Strays and the adjacent marsh Cherry Cobb Sands. Between September 2005 
and March 2006. ** Map modified from IECS map of PHS 
3.2.3. Disturbance effects on marsh vegetation development 
A 9 m2 was measured and marked out using bamboo canes at three 
different locations within the restoration site at Paull Holme Strays (Fig 3.4). 
These locations were chosen as they represent areas of low middle and high 
marsh.  A 1 by 1 meter grid was then laid and marked in each of the 9 m2 
squares. Marsh disturbance was examined with the use of two different 
experimental conditions and one control treatment. Experimental conditions were 
1) cut all of the existing vegetation to the soil surface, 2) cut all of the existing 
vegetation to the soil surface and remove from the treatment area, then using a 
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spade till the soil to a depth of 1 foot. Each treatment was carried out in triplicate 
at three different locations within the restoration site (Table 3.1). 
 
 
 
Fig. 3.4: Location of Quadrates used to look at soil treatments effects on salt 
marsh development in the restoration site between March and August 2005. ** Map 
modified from IECS map of PHS
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Table 3. 1: Location of treatments within each quadrat: A= Control, B= Existing 
vegetation mowed down, and C= Soil tilled. 
 
 Quadrat 1  
C A B 
B C A 
A B C 
 
 
 
 Quadrat 2  
A B C 
C B A 
A C B 
 
 
 
 Quadrat 3  
C B A 
B A C 
C B A 
 Experimental conditions were prepared in the winter of 2004/ 2005 with 
monitoring commencing in March of 2005 through monthly surveys until the end 
of the growing season (for peak biomass) in August 2005. During each sampling 
occasion the number of species present and percent cover of each species was 
recorded. 
3.2.4. Data Analysis   
Quadrat composition data were collated and analyzed using MAVIS  
(CEH, 2000), to compare relative abundance of species in quadrate samples 
against NVC reference associations (Rodwell, 2000). MAVIS identifies potential 
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matches and allocates percentage scores on the basis of the closeness of each 
match but it remains necessary for the operator to assess the output, and gauge 
the most appropriate match through reference to the classification system in 
question. Differences in saltmarsh abundance between years were examined 
using a Wilcoxon Signed Ranks Test. A one-way ANOVA was used to test for 
differences in the number of diaspores between restoration and natural marshes. 
A Sorensen similarity index was used to look at relationships between diaspores 
and established vegetation. A Kruskal Wallis test was used too examine 
relationships between soil disturbance and saltmarsh colonization. 
 
3.3. Results 
 
3.3.1. Floral survey   
11 halophyte species were observed within the restoration site. The 
sampled species comprised Salicornia europaea, Aster tripolium, Spergularia 
marina, Puccinellia distans, Puccinellia maritima, Atriplex prostrata, Phragmites 
australis, Agropyron pungens, Spartina anglica, Chamaemelum nobile and 
Arrhenatherum elatius (Table 3.2). No significant difference was found in the 
number of quadrats that contained halophytes between 2004 and 2005 (Z= -1.34; 
p> 0.05). There was also no significant difference found in the percent cover by 
halophytes within restoration site between 2004 and 2005 (Z = 1.34; p> 0.05). In 
2004 halophytes covered 16.38 percent of the quadrats measured and in 2005 
they covered 19.20 percent of the quadrats measured..
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Table 3.2: Abundance of halophyte species found at the restoration site in 2004 
and 2005. The table shows the number of quadrats that each species was found 
in and mean % cover by those species. 
 
 
  2004   2005   
Species 
Number of 
quadrats mean% cover 
Number of 
quadrats mean% cover 
Spartina anglica 0 0 3 0.08 
Phragmites australis 2 0.01 1 0.01 
Puccinellia spp. 7 0.12 2 0.42 
Agropyron pungens 16 12.37 6 0.58 
Aster tripolium 6 0.04 8 0.69 
Atriplex prostrata 19 3.69 19 5.19 
Salicornia europaea  1 0.01 3 0.04 
Spergularia marina 3 0.11 9 1.83 
Chamaemelum nobile 1 0.03 0 0 
Arrhenatherum elatius   0 0 11 10.36 
 For data collected in 2004, MAVIS identified 5 associations that could be 
directly related to existing NVC associations: natural grassland MG1; upper-
marsh Sm12b, SM24, SM23; and brackish- water/ fresh water swamp 
associations S18b (Fig. 3.5). In 2005 MAVIS identified 6 associations that could 
be directly related to existing NVC associations: natural grass land association 
MG1; the lower marsh associations SM6; the middle marsh association SM23; 
and the upper marsh or swamp associations SM24, SM12b, S4a and S21b; and 
brackish- water/ fresh water swamp associations S18b (Fig. 3.5). 
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A 
 
 
 
B 
 
Fig.3.5: Habitat maps derived from ground surveys, including floral associations 
identified by MAVIS (CEH, 2000). Map A shows floral development up to 2004 
and map B shows floral development up to 2005. 
 
3.3.2. Seed dispersal 
From September 2005 to March 2006 a total of 5 species (Atriplex 
prostrata, Aster tripolium, Spergularia sp., Sueda maritima and Artemisia 
maritima) were trapped on the Astroturf mats, of which all were saltmarsh 
species. Many of these species were present in very low numbers at any location 
at any one time (Table 3.3). 
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Table 3.3: Species dominance of seeds trapped by Astroturf mats for individual 
sampling stations, stations are separated by location and date.  
 
Oct-05         
PHS     Cherry     
  A % Dom Cum%    A % Dom Cum% 
Atriplex 
prostrata 21 13 13  
Atriplex 
prostrata 0 0 0 
Aster 
tripolium 6 4 17  
Aster 
tripolium 0 0 0 
Spergularia 
sp. 129 83 100  
Spergularia 
sp. 0 0 0 
Sueda 
maritima  0 0 100  
Sueda 
maritima  0 0 0 
Artemisia 
maritima 0 0 100  
Artemisia 
maritima 0 0 0 
         
Nov-05         
PHS     Cherry    
  A % Dom Cum%    A % Dom Cum% 
Atriplex 
prostrata 27 30 30  
Atriplex 
prostrata 2 33 33 
Aster 
tripolium 30 34 64  
Aster 
tripolium 0 0 33 
Spergularia 
sp. 32 36 100  
Spergularia 
sp. 4 67 100 
Sueda 
maritima  0 0 100  
Sueda 
maritima  0 0 100 
Artemisia 
maritima 0 0 100  
Artemisia 
maritima 0 0 100 
         
Dec-05         
PHS     Cherry    
  A % Dom Cum%    A % Dom Cum% 
Atriplex 
prostrata 34 76 76  
Atriplex 
prostrata 78 86 86 
Aster 
tripolium 3 7 82  
Aster 
tripolium 11 12 98 
Spergularia 
sp. 4 9 91  
Spergularia 
sp. 0 0 98 
Sueda 
maritima  0 0 91  
Sueda 
maritima  0 0 98 
Artemisia 
maritima 4 9 100  
Artemisia 
maritima 2 2 100 
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Table 3.3: 
Continued 
Jan-06         
PHS     Cherry    
  A % Dom Cum%    A % Dom Cum% 
Atriplex 
prostrata 80 81 81  
Atriplex 
prostrata 70 75 75 
Aster 
tripolium 4 4 85  
Aster 
tripolium 17 18 94 
Spergularia 
sp. 13 13 98  
Spergularia 
sp. 0 0 94 
Sueda 
maritima  0 0 98  
Sueda 
maritima  0 0 94 
Artemisia 
maritima 2 2 100  
Artemisia 
maritima 6 6 100 
         
Feb-06         
PHS     Cherry    
  A % Dom Cum%    A % Dom Cum% 
Atriplex 
prostrata 38 69 69  
Atriplex 
prostrata 2 20 20 
Aster 
tripolium 13 24 93  
Aster 
tripolium 0 0 20 
Spergularia 
sp. 0 0 93  
Spergularia 
sp. 2 20 40 
Sueda 
maritima  2 4 96  
Sueda 
maritima  2 20 60 
Artemisia 
maritima 2 4 100  
Artemisia 
maritima 4 40 100 
         
Mar-06         
PHS     Cherry    
  A % Dom Cum%    A % Dom Cum% 
Atriplex 
prostrata 6 60 60  
Atriplex 
prostrata 6 75 75 
Aster 
tripodlum 0 0 60  
Aster 
tripolium 2 25 100 
Spergularia 
sp. 4 40 100  
Spergularia 
sp. 0 0 100 
Sueda 
maritima  0 0 100  
Sueda 
maritima  0 0 100 
Artemisia 
maritima 0 0 100  
Artemisia 
maritima 0 0 100 
 Temporal differences in the number of trapped diaspores of all saltmarsh 
species indicated that the main dispersal period took place between November 
and January in both the restoration and the adjacent marsh (Fig. 3.6). Some 
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differences between species could be found with Aster tripolium and Spergularia 
sp. starting to be dispersed earlier than Atriplex prostrata (Fig. 3.7).
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Fig. 3.6: Temporal pattern of the distribution of diaspores from halophytes 
captured on Astroturf mats per m2 for the restoration site (Paull Holme Strays) 
and adjacent marsh (Cherry Cobb).
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Fig. 3.7: Temporal pattern in number of diaspores trapped in all locations 
combined. The number of diaspores trapped per m2 in each period is expressed 
as a percentage of the sum of the means for the eight locations (number in the 
circle) over the entire sampling period for each species. Different periods are 
indicated by the first three letters of the month in which the seed traps were 
collected, starting from October (Oct.) to March (Mar.). Note that for the period 
from September to October only PHS was sampled.
 
A one-way ANOVA was used to test for differences in the number of 
diaspores between the restoration site and the adjacent marsh for each of the 5 
salt-marsh species (Fig. 3.8). Diaspores of Atriplex prosrtata, Aster tripolium, 
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Spergularia sp. and Artemisia maritima were all trapped in the same abundances 
regardless of site (Table 3.4). Sueda maritima was not found in enough 
abundance to analyse statistically but it was found at both the restoration site and 
the adjacent marsh.
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Fig. 3.8: Cumulative mean number of diaspores per m2 (± SD) by species, 
trapped between October 2005 and March 2006. Note differences in y- axis scale 
for different species.
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Table 3.4: ANOVA results for species of diaspores trapped on astro turf mats in 
restoration and adjacent natural marsh sites.  
  f df 
Atriplex prostrata 0.008* 1,25 
Aster tripolium 0.137* 1,17 
Spergularia sp. 0.916* 1,13 
Artemisia maritima 3.00* 1,6 
 * p < 0.01
 
 Of the 11 salt-marsh species recorded in the established vegetation in the 
restoration site, 5 were trapped in the Astroturf mats (Fig. 3.9), resulting in a 
similarity index of 0.38 (Table 3.5). A higher similarity in species composition 
(0.45) was found between the diaspores and vegetation of the adjacent marsh 
surface. The same similarity (0.45) was calculated for the diaspores in the 
restoration site compared with the vegetation of the adjacent marsh (Table 3.5). 
Interestingly, diaspores of Suaeda maritima and Artemisia maritima were trapped 
in both the restoration and adjacent marsh but neither was recorded in the 
established vegetation of the restoration or adjacent marsh.
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Fig. 3.9: Comparison between vegetation and species trapped on astro turf for 
the restoration site and adjacent marsh. Data for % frequency of halophytes in 
the adjacent marsh was provided by IECS.
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Table 3.5: Sorensen similarity indices comparing established vegetation and 
diaspores trapped on Astroturf in the restoration site (Paull Holme Strays) and 
the adjacent marsh surface (Cherry Cobb). 
 
 
 
 Astroturf  
Vegetation PHS Cherry Cobb 
   
PHS 0.38 0.38 
Cherry Cobb 0.45 0.45 
3.3.3. Disturbance effects on marsh vegetation development 
From March 2005 to August 2005 a total of 5 species were found growing 
in three disturbance test areas. They were Atriplex prostrata, Spergularia marina, 
Puccinellia sp., Phragmites australis and Spartina anglica. Spartina anglica was 
only found growing at site 3 in treatment B for two months with a percent cover of 
1 %. 
There were no differences in number of species found based upon 
treatment (χ2 = 4.23; d.f.= 2; p>0.05).  An average of 2 species was found at 
each of the treatment types (Fig. 3.10).
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Fig. 3.10: Mean number of species found based upon treatment type (± SD). 
Treatment A= Control, B= Existing vegetation mowed down, and C= Soil tilled. 
 
 A Kruskal Wallis test showed a significant difference in the total percent 
cover based upon treatment type (χ2 = 17.49; d.f. = 2; p<0. 01). A Games-Howell 
post hoc test then showed that there is no differences in the percent cover 
between treatments A and B, which both had a significantly higher percent plant 
cover than treatment C (Fig. 3.11). Both Atriplex prostrata and Spergularia 
marina showed significant differences in percent cover based upon treatment 
type (χ2 = 8.88; d.f. = 2; p<0.01), (χ2 = 14.39; d.f. = 2; p<0.01).  A Games- Howell 
post hoc test showed that in each case there was no difference in the percent 
cover between treatments A and B, which both had significantly higher percent 
plant cover than that found in treatment C.
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Fig. 3.11: Percent plant cover based upon treatment type (± SD).Treatment A= 
Control, B= Existing vegetation mowed down, and C= Soil tilled Letters indicate a 
significant difference in the percent plant cover based upon a Games-Howell test.
 
3.4. Discussion 
 
 Reintroduction of proper hydrology is critical to restoration of wetland  
plant communities (Lowry, 1990). Fortunately, most marsh plants can tolerate 
relatively large fluctuations in water level (Kusler and Kentula, 1990) and, for that 
reason; marshes are among the easiest wetlands to restore (Tiner, 1995). The 
simple structure and rapid maturation of marsh vegetation communities and the 
presence of native seed stocks also contribute to rapid and relatively successful 
restorations (Kusler and Kentula, 1990).  
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 Marshes are often disproportionately represented in restoration and 
creation efforts (Esselink ed al., 2000). In addition, other wetland types (e.g., 
forested wetland) are often converted to marsh for purposes of wildlife habitat 
enhancement (Golet, 1986); this is at the expense of wildlife dependent on the 
former wetland type.   
 Former marshes that have been drained and cultivated are relatively easy 
to restore, particularly if they are small and drained by open ditches (Tiner, 
1995). Because natural seed banks may be viable for centuries, planting is not 
required; restoration of such sites simply involves plugging the ditches. Tile-
drained marshes may be more difficult and costly to restore, because you must 
block or remove subsurface soil drains and in doing so you can damage your 
natural seed banks making it necessary to obtain seeds from other sources. 
Marshes that have been drained for agriculture in Rhode Island generally have 
been drained using open ditches Tiner (1995), but such restoration opportunities 
are scarce in the UK. Wetland basins with large watersheds are also more 
difficult to restore because they may require water- and erosion-control measures 
to prevent washouts (Tiner, 1995). Tiner (1995) also recommended that tilling 
sites before restoring hydrology to hasten recolonization by hydrophytes in the 
existing seed bank. However, Brown (1999) found that restored sites with 
disturbed substrata ended up as monotypic stands of cattail, providing less value 
for wetland birds. Results of soil disturbance experiments in this study showed 
that when substrata was disturbed monotypic stands of Atriplex prostrata and 
Spergularia marina colonized which supports the results of Brown (1999).  
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The software/program MAVIS is typically used to look at developed 
habitats in a state of equilibrium, whereas the associations evident at PHS are 
typically comprised of developing and / or pioneer vegetation yet to reach a 
discernible equilibrium status. The habitat map was therefore constructed with 
reference to NVC associations thought to be the best fit. However, it is 
recognized that subsequent floral development may produce associations that 
can be more closely related to established classifications — for example, the 
aforementioned A. prostrata association (SM18b) may represent a precursor to 
dominance by E. atherica SM24, with which A. prostrata is often associated, as 
already evidenced by the upper saltmarsh development in the south east of the 
site. 
Most existing terrestrial vegetation in intertidal areas was killed following 
the reintroduction of tidal cycles. The declines of mildly salt-tolerant species 
coincide with the colonization of important salt-marsh species. This could be 
seen with the disappearance of NVC association MG1 between 2004 and 
2005.This was similar to vegetation responses seen in other marshes where tidal 
flow has been reintroduced (Beeftink, 1979; Frenkel and Morlan, 1991). 
Data from 2005 suggests that cover from some of the opportunistic plants 
(e.g. Arrhenatherum elatius) may be declining slowly as Spergularia marina 
increases slowly. It must be recognized that change is likely to occur over time, 
even in reference sites (Zedler et al., 1992, Warren and Niering, 1993).  Although 
saltmarsh vegetation has been re-established, the total ratio of vegetated ground 
to unvegetated ground was 0.72 two years after breaching with vegetation 
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occupying around 25% of the site, compared to approximately 40% covered by 
dead vegetation. 
Having determined the distribution of salt marsh present, the habitat maps 
(Fig. 3.5) were compared with the previous prediction of climax equilibria that 
could be supported on the site 1 year after breaching, as predicted prior to 
inundation by Halcrow Group Ltd, 2002 (Fig. 3.12). The predictions are based on 
the original expected rates of accretion and the resulting elevations after 1 year 
although the dynamic, co-dependent nature of accretion rate, elevation 
development, and saltmarsh development indicate that any predictions are 
subject to a notable error as the findings are highly variable. This can be seen by 
comparing the extent of upper saltmarsh in the original predictions (Fig. 3.12) to 
that currently evident. Upper saltmarsh currently occupies a much greater area 
than that represented in the original predictions, where it is restricted to the 
proximity of the seawall. Conversely, middle marsh presently occupies a very 
restricted range in the south west of the site, in contrast to the extensive areas 
indicated in the original predictions  (Halcrow Group Ltd, 2002)(Fig. 3.12). 
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Fig.3.12: Predictions of potential salt marsh development 1 year after breaching. 
   Note: colour has been amended from Halcorow Group Ltd (2002).
 
  In this study, a total of 5 species of salt-marsh species colonized onto the 
Astroturf mats, although only four with more than 8 diaspores per m2. It could be 
argued that certain species might be more efficiently trapped than others 
because of morphological differences between their seeds e.g. seeds from 
Salicornia europaea are small and smooth while seeds from Aster tripolium are 
ridged and textured. However, in an experiment specifically conducted to test the 
seed retaining efficiency of Astroturf mats, no differences were found for three 
morphologically different species (Wolters et al., 2004). It should be noted that 
the number of diaspores retained by the Astroturf mats was the net result of 
deposition and removal of diaspores by tidal water over the monthly replacement 
series. The results therefore represent the minimum total number of diasprores 
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dispersed during the sampling period. Dispersion by wind and birds could have 
also contributed to the total number of diaspores trapped in this study. Huiskes et 
al. (1995) observed that a considerable number of propagules transported along 
the bottom of the water column with the flood tide returned to the same station 
with the ebb tide. However, this was not true of the propagules floating on the 
surface of the water column, suggesting various dispersal modes between 
species with dissimilar floating characteristics. Two of the most abundant species 
trapped on the Astroturf mats were among the same caught in standing nets by 
Huiskes et al. (1995), Aster and Spergularia. These species are characterized by 
relatively short seed floatation times of a few hours to a few days (Koutstaal, 
Markusse and De Munck, 1987). 
One of the aims of this study was to examine the temporal dispersal 
patterns in order to provide information on the appropriate timing of breaches for 
managed realignment. Results show a peak in diaspore dispersal between 
November and January, which agrees with results from Hutchings and Russell 
(1989) and Wolters et al. (2005). Therefore, in order to take full advantage of the 
peak dispersal of salt-marsh species in the first year after breaching, it is 
recommended that breaching of sea defences occur no later than early 
September. 
For most species the number of diaspores trapped was representative of 
their abundance in the vegetation. Exceptions were Spartina anglica, Phragmites 
australis, Puccinellia distans, Agropyrum pungence, and Salicornia europea of 
which less than 1 diaspores per m2 were trapped during the entire sampling 
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period, in spite of this they occurred with a frequency of 2%, 2%, 5%, 10%, and 
2% respectively in the vegetation of the restoration site.  
Another interesting observation is of the trapping of Artemisia martima and 
Suaeda maritima in both the restoration and adjacent marsh, as neither of these 
species was present in the established salt marsh of either site. It is possible that 
they were transported over longer distances by tidal water, or deposited on to the 
Astroturf mats by birds.  
 It is concluded that in general the overall results indicate a predominantly 
local dispersal of salt-marsh species, despite the potential for long distance 
transport and wide distribution by tidal water. 
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Chapter 4 
 
Benthic invertebrate community structure in the 
restored wetlands at Paull Holme Strays 
 
4.1. Introduction 
 In estuarine wetlands benthic invertebrates are used to assess the 
development of secondary production and food web support following restoration 
(Craft ed al., 2003; Talley and Levin, 1999; Zedler, 1996). Many studies have 
indicated that benthic invertebrate community composition is slow to develop, 
requiring years to achieve equivalence to natural wetlands (Craft and Sacco, 
2003; Minello and Webb, 1997; Scatolini and Zedler, 1996). The distribution of 
benthic invertebrates is based on a number of factors, including water 
temperature, water depth and the nature of the seabed (Sanders, 1968). 
Additionally it is thought that the slow rate of colonization by benthic invertebrates 
is attributed to the absence of a planktonic dispersal stage (Levin et al., 1996) 
and the low organic matter content of constructed wetland soils (Craft, 2000; 
Broome et al., 2001).  
 Work has been done on the patterns of distribution of fauna in mudflats 
within saltmarshes at relatively broad scales (Branch and Branch, 1980; Wells, 
1986), as well as in mudflats as a single habitat (McLusky and Elliott, 2004; Little, 
2000). Although fauna distribution patterns may be related to features of the 
habitat (Underwood and Barrett, 1990), distribution patterns are often explained 
by variation in tidal inundation (McMahon and Britton, 1985). Recent studies 
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have emphasized small-scale patchiness in abundances of invertebrates within 
and among habitats. This has been reported for organisms living on the intertidal 
(Archambault and Bourget, 1996; Benedetti-Cecchi and Cinelli, 1996; Thompson 
et al., 1996; Underwood and Chapman, 1996, 1998), subtidal (Chapman et al., 
1995; Laponite and Bourget, 1999) and on mudflats (Thrush et al., 1994; 
Mermillod-Blondin et al., 2003). 
 Patterns of variation of benthos in soft sediments (such as mudflats) can 
be related to characteristics of the sediments themselves, e.g. grain- size 
(Whitlack, 1981), sorting (Gray, 1974) or organic content (Elliott et al., 1998). 
 There is considerable evidence that, whilst biota may respond to 
properties of the sediments (Ford et al., 1999), they also cause significant 
changes in such properties. Biota can change porosity and permeability 
(Meadows and Tait, 1989), grain size, water content, organic content, and the 
erosion threshold of the sediments (Austen et al., 1999; de Brouwer et al., 2000; 
Tolhurst et al., 2003). These changes are vary complex, with a single species 
often having multiple antagonistic and synergistic effects (Anderson, 2001; de 
Deckere et al., 2001). These are dependent upon other biological and physical 
properties or processes, resulting in seemingly idiosyncratic responses (Defew et 
al., 2002). Despite knowledge of such variation, little attempt has been made to 
quantify this variability adequately, even in broad terms, so our understanding of 
these complex interactions remains poor (Black et al., 2002). Even without 
making any assumptions about causative relationships, the implication is that if 
they are measured at the relevant scales, bio-dependent properties of the 
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sediment should, in broad terms, correlate with the structure of the macrobenthos 
(and vice versa) as has been shown for meiofauna (e.g. Decho and Fleeger, 
1988; Pinckney and Sandulli, 1990). 
 In spite of the importance of benthic invertebrates as an indicator of the 
structural and functional equivalence of a wetland following restoration, little is 
know about community development (Craft and Sacco, 2003), however Talley 
and Levin (1999); and Mazik et al. (2007) have done some preliminary studies on 
macrofaunal succession within restored wetlands. Given the importance of 
benthic invertebrates as prey for a variety of avian and aquatic consumers (e.g., 
nekton, waders and wildfowl), there is especially a need to assess their value to 
the local ecosystem. As the newly developed intertidal mudflats are one of the 
more visible features of the managed realignment site at Paull Holme Strays and 
the site has just been created there has been little previous assessment of its 
biological resources. Knowledge of the benthic invertebrates living within the 
muddy sediments of this system is especially poor.  
 The aim of this chapter is to describe the initial invertebrate colonization 
and development of the macrofaunal communities, between 2004 and 2005, 
within the site and to provide comparison with the communities with the 
established mudflats adjacent to the restored wetland.  
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4.2. Materials and methods 
 
4.2.1. Field methods 
 Sediment cores (10cm diameter, i.e. 78.5 cm2 surface area, and a depth 
of 10cm) were taken from 14 randomly selected stations from within the 
restoration site, and 11 just outside the restoration site on the existing natural 
mudflat (Fig. 4.1). Three replicate samples were taken from 12 of the 14 stations 
within the restoration site monthly between August 2004 and September 2005. 
Three replicate samples were only taken from the other 2 stations within the 
restoration area (stations 2- A and 2- B) and the all of the stations on the existing 
natural mudflat annually (October 2004 and September 2005) as access to them 
is limited to hovercraft (Fig. 4.1). Samples were then placed into containers, 
which were labelled externally giving the station name, date and subsample 
number (i.e. 1 of 2, 2 of 2, etc.), if applicable. A label bearing the same 
information was also placed inside the containers with the infaunal samples. This 
label was written in pencil on a paper of a quality suitable for wet labels.  After 
the containers were labelled, they were filled with mud cores. Care was taken to 
make sure that no container was filled over approximately the 40 percent mark 
with a core. Once the core was placed into the in container, they were sealed 
and transported back to the laboratory. Once in the lab samples were sieved 
through a 500 µm sieve. The sieve residue was then preserved in a 4% 
formaldehyde solution. Samples were left for at least 24 hours to allow for 
preservation to take place.
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Fig. 4.1: Benthos collection stations at Paull Holme Strays. The green wall 
indicates the area of the restoration site. Stations 2- A, 2- B, 1- D, 1- E, 2- D, 2- 
E, 2- F, 5- C, 5- D, 5- E, 7- D, and 7- E are stations limited to hovercraft access. 
All stations were monitored between August 2004 and September 2005. ** Map 
modified from IECS map of PHS
 
4.2.2 Laboratory methods 
At the time of analysis samples were again sieved through a 500 µm sieve 
before sorting. The sieve residue was placed then placed into a large white tray. 
Once in the tray samples were covered with water. At this point all animals were 
identified to the lowest taxonomic level possible  (in most cases species level) 
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using a binocular microscope. Abundance was then recorded as the number of 
individuals m-2. The biomass for each species was then recorded as wet (tissue 
dry) weight. Species were placed onto blotting paper for 30 seconds, to allow for 
the absorption of preservative into the blotting paper, following this samples were 
placed onto a precision balance and a weight was taken in grams. Biomass 
measurements included all identifiable fragments and were made to ± 0.0001g. 
Both of these parameters were calculated as total abundance and biomass for 
individual species and for the whole community. 
4.2.3 Data Analysis 
The data that were collected during this study between August 2004 and 
September 2005 were compared to samples taken at a reference marsh (Cherry 
Cobb Sands) in 2000, 2001 and 2002 by the Environment Agency (Fig. 4.2). The 
relative composition of the species, in terms of abundance and biomass was 
expressed as a percentage of the total and calculated using mean data for each 
site per month. The mean biomass ratio (B/A) value was calculated by taking the 
total biomass for each site per month and dividing it by the total abundance from 
the same site for the same month. The abundance ratio (A/S) value was 
calculated by taking the total abundance for each site per month and dividing it 
by the number of species from the same site for the same month. The Shannon 
Weiner diversity index (H’) and Pielous index of evenness (J’) were also 
calculated.
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Fig. 4.2: Study sites along the Humber estuary. 1) Paull Holme Strays (sampled 
during this study August 2004 to September 2005), 2) Cherry Cobb sands 
(sampled by the Environment Agency in 2000, 2001, and 2002). 3 km separate 
Paull Holme Strays and Cherry Cobb sands. ** Map modified from googlemaps.com 
The data were tested for homogeneity of variance (Levene’s test) and 
statistical testing of site parameters was done using a one-way ANOVA followed 
by a post hoc comparison of means (using a Tukey’s HSD). In cases where 
homogeneity of variance could not be achieved through transformation of the 
data, a Kruskal- Wallis test was used, followed by the Games-Howell test, which 
assumes unequal variance. Cherry Cobb Sands was not included in seasonal 
analysis of as the data was not collected at the same time as the data in this 
study and would have biased the results. A two-way ANOVA could have been 
used to simultaneously test for between site and between season differences, 
but the size of the data site combined the inequality of variances, prevented the 
generation of any easily interpretable results. 
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4.3. Results 
 
 The distribution of species and the abundance of those species inside of 
the restoration site at Paull Holme Strays appears to be related to tidal inundation 
(see chapter 2 for Hydrographic mapping) (Table 4.1). Stations that are 
infrequently inundated have lower abundances and diversity. Stations affected by 
this phenomenon are those adjacent to the new sea wall in the eastern part of he 
site and those in the far north western corner, where sedimentation has take 
place at a high rate, resulting in mudflats that are only able to be covered by 
spring tides. The mean number of species ranged from 2.7 (station 6-A) to 11.3 
at station 3-A, directly opposite the western breach. A comparatively high value 
7.7 was recorded at station 7-B, adjacent to the eastern breach (Table 4.1). The 
maximum mean abundance was recorded from station 6-A (24023 individuals/ m-
2). A minimum abundance value of 484 (individuals/ m-2) was recorded at station 
2-A.  Shannon Weiner diversity (H’) ranged from 0.2 (station 6-A) to 2.1 (station 
5-B),  (Table 4.1). Pielou’s evenness (J’) ranged from 0.1 to 0.9. Biomass ranged 
from 0.2 g.m-2 (station 2-A) to 5.0 g.m-2 at station 2-B, which is adjacent to the 
flood creek. 
 
 
 
 
 
 
 
 
 
 
 85 
Table 4.1: Biological parameters (means) for all stations sampled inside and 
outside of Paull Holme Strays between August 2004 and September 2005 and 
Cherry Cobb sands sampled 2000, 2001 and 2002. Stations are separated by 
location. 
 
         INSIDE       
  n S A B H' J' A/S B/A 
1-A 27 5.7 794.4 0.3 1.5 0.8 140.2 0.000 
1-B 27 5.3 631.4 0.4 1.4 0.7 118.4 0.001 
1-C 30 7.0 682.3 3.6 1.7 0.8 97.5 0.005 
2-A 6 4.3 483.9 0.2 1.3 0.7 111.7 0.000 
2-B 6 9.0 702.5 5.0 1.7 0.7 78.1 0.007 
2-C 30 9.3 544.3 2.3 1.9 0.9 58.3 0.004 
3-A 30 11.3 898.2 3.5 1.6 0.6 79.3 0.004 
4-A 27 6.7 1655.9 2.7 1.3 0.6 248.4 0.002 
4-B 27 4.3 682.0 0.9 1.4 0.8 157.4 0.001 
5-A 30 6.0 1043.8 0.2 1.5 0.7 174.0 0.000 
5-B 30 7.0 537.7 1.2 2.1 0.9 76.8 0.002 
6-A 30 2.7 2402.7 0.5 0.2 0.1 901.0 0.000 
7-A 30 6.0 952.1 0.5 1.5 0.8 158.7 0.001 
7-B 30 7.7 1486.8 0.3 1.4 0.6 193.9 0.000 
         OUTSIDE       
  n S A B H' J' A/S B/A 
1-D 6 10.3 907.5 12.6 2.2 0.8 87.8 0.014 
1-E 6 7.3 837.5 0.5 1.3 0.5 114.2 0.001 
2-D 6 11.7 3091.6 5.0 1.6 0.6 265.0 0.002 
2-E 6 7.7 484.0 0.6 2.2 0.9 63.1 0.001 
2-F 6 13.0 1434.1 8.9 2.3 0.8 110.3 0.006 
5-C 6 14.0 1993.3 20.2 2.1 0.8 142.4 0.010 
5-D 6 15.3 1760.5 8.1 2.3 0.8 114.8 0.005 
5-E 6 10.3 1796.6 1.2 1.5 0.5 173.9 0.001 
7-C 6 10.0 1079.6 8.1 1.8 0.7 108.0 0.007 
7-D 6 12.7 2731.8 8.9 1.6 0.6 215.7 0.003 
7-E 6 8.7 356.9 7.4 2.1 0.5 41.2 0.021 
         REFERENCE       
  n S A B H' J' A/S B/A 
CHERRY 9 12.3 8190.1 N/A 1.5 0.5 668.6 N/A 
         
 
*n= number of samples; S= number of species; A= total abundance / m2; B= total biomass (g m-2); H’= Shannon Weiner 
diversity; J’= Pielou’s evenness; A/S= abundance ratio; B/A= biomass ratio.
 
 In the natural habitat (outside the managed realignment site), patterns in 
the biological parameters were generally a function of shore height (Pearson 
Correlation= 0.59; p < 0.05) (Fig. 4.3), with the maximum number of species 
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being recorded from the upper and mid shore stations, 2-F, 5-C and 5-D (Table 
4.1). Mean abundance values ranged from 357-individuals/ m-2 at station 7-E 
(lower shore) to 3092-individuals/ m-2 at station 2-D (mid shore). Similarly, the 
maximum biomass was recorded from the upper/ mid shore at station 5-C (Table 
4.1). In contrast both diversity values (H’) and evenness (J’) showed no clear 
spatial patterns.
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Fig. 4.3 Scattergram showing the biological correlation between the mean 
number of species and tidal height where 1 is low tide, 2 is mid tide and 3 is high 
tide. From the natural habitat outside of the Paull Holme Strays managed 
realignment site. 
 
 The restoration site and the natural site had abundance ratio values (A/S) 
that indicate high numbers of organisms represented by a small number of 
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species. In the same way, the low biomass ratio values are indicative of a 
community composed of large numbers of small-bodied organisms (Pearson and 
Rosenberg, 1978). 
Table 4.2: Kruskal- Wallis results for comparisons in biological parameters from 
inside and outside of Paull Holme Strays restoration site.  
 
Indices  χ2 d.f. 
S 221.39* 25 
A 172.34* 25 
B 192.16* 24 
H' 151.13* 24 
J' 63.96* 24 
A/S 116.24* 25 
B/A 160.86* 25 
*p 0< .01
 Comparison between stations inside the restoration site, and those in the 
natural sites showed significant differences between all of the biological 
parameters (Table 4.2). The mean number of species found varied by station 
ranging from 12.3 at the reference site (Cherry Cobb Sands) to 10.8 in the 
natural site to 6.6 in the restoration site (Fig. 4.4). A Kruskal- Wallis test together 
with a Games-Howell test showed a significant difference in the number of 
species present based upon site (χ2= 221.39; d.f. = 25; p< 0.01). Stations 6-a, 4-
b, 5-a, 7-a and1-a, (all located in the restoration site had significantly fewer 
species (p< 0.05) than stations 2-a, 5-b, 1-b, 4-a, 1-c, 7-b. 3-a, 2-b, 1-e, 2-e, 1-d, 
5-e, 7-e, 7-c, 2-d, Cherry Cobb Sands, 7-d, 2-f, 5-c and 5-d. Stations 2-a, 5-b, 1-
b, 4-a, 1-c, 7-b, 2-c, 3-a, 2-b and 1-e had significantly fewer species (p< 0.05) 
than stations, 2-e, 1-d, 5-e, 7-e, 7-c, 2-d, Cherry Cobb Sands, 7-d, 2-f, 5-c and 5-
d. Stations 1-c, 7-b, 2-c, 3-a, 2-b, 1-e and 2-e had significantly fewer species (p< 
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0.05) than stations 1-d, 5-e, 7-e, 7-c, 2-d, Cherry Cobb Sands, 7-d, 2-f, 5-c and 
5-d. Stations 1-e, 2-e, 1-d, 5-e, 7-e and 7-c had significantly fewer species (p< 
0.05) than stations 2-d, Cherry Cobb Sands, 7-d, 2-f, 5-c and 5-d. Stations 1-d, 5-
e, 7-e, 7-c, 2-d and Cherry Cobb Sands had significantly fewer species (p< 0.05) 
than stations 7-d, 2-f, 5-c and 5-d. Stations 5-e, 7-e, 7-c, 2-d, Cherry Cobb Sands 
and 7-d had significantly fewer species (p< 0.05) than stations 2-f, 5-c and 5-d. 
Stations 7-e, 7-c, 2-d, Cherry Cobb Sands, 7-d, 2-f and 5-c had significantly 
fewer species (p< 0.05) than station 5-d. Figure 4.5 displays the homogeneous 
subsets found.
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Fig. 4.4: Mean number of species sampled inside and outside of Paull Holme 
Strays restoration site between August 2004 and September 2005, and Cherry 
Cobb sands sampled 2000, 2001 and 2002 (± SD). * Indicates sample stations 
located on the natural mudflat.
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      Subsets 
 
 
Fig. 4.5: Homogenous subsets of similarity between the 26 stations examined in 
2000, 2001, 20002, 2004- 2005 relating to the number of species present.
 
Biomass varied by station ranging from 6.98 g m-2 in the natural site to 
1.54 g m-2 in the restoration site (Fig. 4.6). A Kruskal- Wallis test together with a 
Games-Howell test showed a significant difference in the biomass of the benthic 
invertebrates based upon site (χ2= 192.16; d.f. = 24; p< 0.01). Stations 5-a, 2-a, 
6-a, 1-a, 7-b, 1-b, 4-b, 5-b, 1-e, 2-e, 4-a, 2-c, 7-a, 5-e, 1-c, 3-a and 2-b had 
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significantly lower biomass values (p< 0.05) than stations 2-d, 7-e, 7-c, 1-d, 7-d, 
2-f, 5-d, and 5-c. Stations 2-e, 4-a, 2-c, 7-a, 5-e, 1-c, 3-a, 2-b and 2-d had 
significantly lower biomass values (p< 0.05) than stations 7-e, 7-c, 1-d, 7-d, 2-f, 
5-d, and 5-c. Stations 2-b, 2-d and 7-e had significantly lower biomass values (p< 
0.05) than stations 7-c, 1-d, 7-d, 2-f, 5-d, and 5-c. Stations 2-d, 7-e, 7-c and 1-d 
had significantly lower biomass values (p< 0.05) than 7-d, 2-f, 5-d, and 5-c. 
Stations 7-e, 7-c, 1-d and 7-d had significantly lower biomass values (p< 0.05) 
than stations 2-f, 5-d, and 5-c. Stations 7-c, 1-d, 7-d, 2-f and 5-d had significantly 
lower biomass values (p< 0.05) than station 5-c. Figure 4.7 displays the 
homogeneous subsets found. 
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Fig. 4.6: Mean biomass in grams of invertebrates sampled inside and outside of 
Paull Holme Strays restoration site between August 2004 and September 2005 
(± SD). * Indicates sample stations located on the natural mudflat.
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      Subsets 
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Fig. 4.7: Homogenous subsets of similarity between the 25 stations examined 
between August 2004 and September 2005 relating to the biomass of the benthic 
invertebrates found.
 
The Mean Shannon Weiner diversity index (H’) varied by station ranging 
from 1.5 at the reference site (Cherry Cobb Sands) to 1.75 in the natural site to 
1.3 in the restoration site (Fig. 4.8). A Kruskal- Wallis test together with a Games-
Howell test showed a significant difference in the number of species present 
based upon site (χ2= 151.13; d.f. = 24; p< 0.01). Stations 6-a, 4,a, 7-a, 1-a, 4-b, 
1-b, 5-a, 1-c, 5-b, 2-a and 7-b (all in the restoration site) had significantly less 
diversity (p< 0.05) than stations 1-e, 3-a, 2-c, 2-b, 5-e, 2-d, 7-c, 2-e, 7-e, 7-d, 1-d, 
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5-c, 5-d and 2-f. Stations 4,a, 7-a, 1-a, 4-b, 1-b, 5-a, 1-c, 5-b, 2-a, 7-b, 1-e, 3-a 
and 2-c had significantly less diversity (p< 0.05) than stations 2-b, 5-e, 2-d, 7-c, 
2-e, 7-e, 7-d, 1-d, 5-c, 5-d and 2-f. Stations 1-c, 5-b, 2-a, 7-b, 1-e, 3-a, 2-c 2-b, 5-
e and 2-d and 7-c had significantly less diversity (p< 0.05) than stations 7-c, 2-e, 
7-e, 7-d, 1-d, 5-c, 5-d and 2-f. Stations 5-b, 2-a, 7-b, 1-e, 3-a, 2-c 2-b, 5-e, and 7-
c had significantly less diversity (p< 0.05) than stations 2-e, 7-e, 7-d, 1-d, 5-c, 5-d 
and 2-f. Stations 1-e, 3-a, 2-c 2-b, 5-e, 2-d, 7-c, 2-e, 7-e and7-d had significantly 
less diversity (p< 0.05) than stations 1-d, 5-c, 5-d and 2-f. Stations 2-c 2-b, 5-e, 
2-d, 7-c, 2-e, 7-e, 7-d, 1-d and 5-c had significantly less diversity (p< 0.05) than 
stations 5-d and 2-f. Stations 2-b, 5-e, 2-d, 7-c, 2-e, 7-e, 7-d, 1-d, 5-c and 5-d had 
significantly less diversity (p< 0.05) than station 2-f. Figure 4.9 displays the 
homogeneous subsets found.
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Fig. 4.8: Mean Shannon Weiner diversity index (H’) sampled inside and outside 
of Paull Holme Strays between August 2004 and September 2005  (± SD). * 
Indicates sample stations located on the natural mudflat.
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                        Subsets 
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Fig. 4.9: Homogenous subsets of similarity between the 25 stations examined 
between August 2004 and September 2005 relating to the Shannon Weiner 
diversity index (H’).
 
Pielou’s evenness (J’) varied by station ranging from 0.5 at the reference 
site (Cherry Cobb Sands) to 0.68 in the natural site to 0.69 in the restoration site 
(Fig. 4.10). A Kruskal- Wallis test together with a Games-Howell test showed a 
significant difference in the number of species present based upon site (χ2= 
63.96; d.f. = 24; p< 0.01). Stations 6-a, 4-a, 7-a, 1-a, 4-b, 1-c, 5-a, 2-a, 1-e, 5-b, 
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7-b, 2-d and 3-a had significantly (p< 0.05) lower evenness values than stations 
7-c, 7-d, 5-d, 2-b, 5-c, 2-c, 1-d, 5-e, 2-e, 7-e and 2-f.
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Fig. 4.10: Mean Pielou’s evenness (J’) sampled inside and outside of Paull 
Holme Strays between August 2004 and September 2005 (± SD). * Indicates 
sample stations located on the natural mudflat.
 
Abundance varied by station ranging from 8190 per m-2 in the reference 
site (Cherry Cobb Sands) to1496 per m2 in the natural site to 963 per m2 in the 
restoration site (Fig. 4.11). A Kruskal- Wallis test together with a Games-Howell 
test showed a significant difference in abundance based upon site (χ2= 172.34; 
d.f. = 25; p< 0.01). Stations in the restoration and natural habitat had significantly 
fewer individuals per m2 (p< 0.05) than the reference site (Cherry Cobb Sands). 
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Abundance was slightly higher outside of the site although the difference was not 
significant 
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Fig. 4.11: Mean abundance per m2 sampled inside and outside of Paull Holme 
Strays between August 2004 and September 2005 (± SD). * Indicates sample 
stations located on the natural mudflat.
 
Both the Abundance ratio and the biomass ratio varied significantly base 
upon site (Table 4.2), however a post hoc Games-Howell test was unable to 
detect where those differences lie. 
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 A total of 31species were recorded from the survey areas as a whole, 26 
of which were present inside the restoration site. Overall, over the monitoring 
period the benthic community inside of the site was dominated by Isotomidae 
and Paranais litoralis, both representing 68.3% of the abundance (Table 4.3). 
These taxa together with Tubificoides benedii, Tuplidae, Nematoda, Hydrobia 
ulvae and Hediste diversicolor, accounted for 89% of the abundance over the 
monitoring period. There were very low numbers of Macoma balthica, Corophium 
volutator and spionidae, which are all common inhabitants of this part of the 
Humber estuary (Mazik, 2004). The biomass in the restored site was heavily 
dominated by Hediste diversicolor (50%), which together with Macoma balthica 
(28%) accounted for 78% of the biomass (Table 4.4). These taxa together with 
Abra tenuis and Arenicola marina accounted for 89% of the biomass (Table 4.4).
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Table 4.3: Species dominance in terms of abundance for sites inside (collectively), outside (collectively) Paull Holme 
restoration site and the natural site Cherry Cobb sands. 
 
  INSIDE         OUTSIDE         
CHERRYCOBB 
SANDS      
  
Total 
Abundance 
% 
Dom 
Cum 
%     
Total 
Abundance 
% 
Dom 
Cum 
%     Total Abundance 
% 
Dom Cum % 
Abra tenuis 59 0.9 0.9  Abra tenuis 1100 7.0 7.0  Abra tenuis 1159 1.2 1.2 
Acarina 92 1.5 2.4  Acarina 0 0.0 7.0  Acarina 0 0.0 1.2 
Aphelochaeta marioni 9 0.1 2.6  Aphelochaeta marioni 0 0.0 7.0  Aphelochaeta marioni 0 0.0 1.2 
Arenicola marina 45 0.7 3.3  Arenicola marina 0 0.0 7.0  Arenicola marina 0 0.0 1.2 
Capitella sp. 9 0.1 3.4  Capitella sp. 0 0.0 7.0  Capitella sp. 0 0.0 1.2 
Carcinus maenas 9 0.1 3.6  Carcinus maenas 0 0.0 7.0  Carcinus maenas 0 0.0 1.2 
Chone/ Jasmineria 9 0.1 3.7  Chone/ Jasmineria 0 0.0 7.0  Chone/ Jasmineria 0 0.0 1.2 
Copepoda 18 0.3 4.0  Copepoda 46 0.3 7.3  Copepoda 0 0.0 1.2 
Corophium volutator 64 1.0 5.0  Corophium volutator 75 0.5 7.8  Corophium volutator 169 0.2 1.4 
Cyathura carinata 0 0.0 5.0  Cyathura carinata 1331 8.5 16.3  Cyathura carinata 255 0.3 1.6 
Enchytraeidae sp. indet. 106 1.7 6.7  Enchytraeidae sp. indet. 4109 26.3 42.6  Enchytraeidae sp. indet. 34596 35.9 37.6 
Etone flava/ longa 0 0.0 6.7  Etone flava/ longa 163 1.0 43.6  Etone flava/ longa 254 0.3 37.8 
Hediste diversicolor 293 4.7 11.4  Hediste diversicolor 960 6.1 49.8  Hediste diversicolor 1053 1.1 38.9 
Heterochaeta costata 9 0.1 11.6  Heterochaeta costata 52 0.3 50.1  Heterochaeta costata 0 0.0 38.9 
Hydrobia ulvae 141 2.3 13.8  Hydrobia ulvae 458 2.9 53.0  Hydrobia ulvae 302 0.3 39.2 
Idoteidae 0 0.0 13.8  Idoteidae 0 0.0 53.0  Idoteidae 0 0.0 39.2 
Isotomidae 3355 53.7 67.5  Isotomidae 154 1.0 54.0  Isotomidae 0 0.0 39.2 
Juv. Tellinacea sp. 27 0.4 67.9  Juv. Tellinacea sp. 220 1.4 55.4  Juv. Tellinacea sp. 0 0.0 39.2 
Macoma balthica 79 1.3 69.2  Macoma balthica 817 5.2 60.7  Macoma balthica 4670 4.8 44.1 
Manayunkia aestuarina 18 0.3 69.5  Manayunkia aestuarina 702 4.5 65.2  Manayunkia aestuarina 3872 4.0 48.1 
Nematoda 389 6.2 75.7  Nematoda 2962 18.9 84.1  Nematoda 39844 41.4 89.5 
Nephtys hombergii 0 0.0 75.7  Nephtys hombergii 77 0.5 84.6  Nephtys hombergii 127 0.1 89.6 
Nitocra 0 0.0 75.7  Nitocra 0 0.0 84.6  Nitocra 0 0.0 89.6 
Paranais litoralis 632 10.1 85.8  Paranais litoralis 58 0.4 85.0  Paranais litoralis 254 0.3 89.9 
Pygospio elegans 44 0.7 86.5  Pygospio elegans 653 4.2 89.1  Pygospio elegans 1698 1.8 91.6 
Sabellidae sp. 27 0.4 86.9  Sabellidae sp. 0 0.0 89.1  Sabellidae sp. 0 0.0 91.6 
Scrobicularia plana 27 0.4 87.4  Scrobicularia plana 64 0.4 89.5  Scrobicularia plana 458 0.5 92.1 
Streblospio shrubsolii 9 0.1 87.5  Streblospio shrubsolii 435 2.8 92.3  Streblospio shrubsolii 127 0.1 92.2 
Tuplidae 336 5.4 92.9  Tuplidae 100 0.6 93.0  Tuplidae 0 0.0 92.2 
Tubificoides benedii 427 6.8 99.7  Tubificoides benedii 1076 6.9 99.9  Tubificoides benedii 7490 7.8 100.0 
Tubificoides 
pseudogaster 18 0.3 100.0   
Tubificoides 
pseudogaster 23 0.1 100.0   
Tubificoides 
pseudogaster 0 0.0 100.0 
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Table 4.4: Species biomass for sites inside (collectively) and outside (collectively) 
Paull Holme Strays restoration site from 2004 to 2005. 
 
  INSIDE         OUTSIDE     
  Total Biomass 
% 
Dom 
Cum 
%     Total Biomass 
% 
Dom 
Cum 
% 
Abra tenuis 2.77 7.1 7.1  Abra tenuis 17.8 10.2 10.2 
Acarina 0.013 0.0 7.1  Acarina 0.000 0.0 10.2 
Aphelochaeta marioni 0.013 0.0 7.2  Aphelochaeta marioni 0.000 0.0 10.2 
Arenicola marina 1.67 4.3 11.4  Arenicola marina 0.000 0.0 10.2 
Capitella sp. 0.013 0.0 11.5  Capitella sp. 0.000 0.0 10.2 
Carcinus maenas 0.346 0.9 12.4  Carcinus maenas 0.000 0.0 10.2 
Chone/ Jasmineria 0.013 0.0 12.4  Chone/ Jasmineria 0.000 0.0 10.2 
Copepoda 0.022 0.1 12.5  Copepoda 0.013 0.0 10.2 
Corophium volutator 0.866 2.2 14.7  Corophium volutator 0.603 0.3 10.6 
Cyathura carinata 0.000 0.0 14.7  Cyathura carinata 1.11 0.6 11.2 
Enchytraeidae sp. indet. 0.024 0.1 14.7  Enchytraeidae sp. indet. 0.141 0.1 11.3 
Etone flava/ longa 0.000 0.0 14.7  Etone flava/ longa 0.595 0.3 11.6 
Hediste diversicolor 19.4 49.9 64.6  Hediste diversicolor 31.3 18.0 29.6 
Heterochaeta costata 0.013 0.0 64.6  Heterochaeta costata 0.013 0.0 29.6 
Hydrobia ulvae 0.730 1.9 66.5  Hydrobia ulvae 1.54 0.9 30.5 
Idoteidae 0.013 0.0 66.6  Idoteidae 0.000 0.0 30.5 
Isotomidae 0.123 0.3 66.9  Isotomidae 0.013 0.0 30.5 
Juv. Tellinacea sp. 0.038 0.1 67.0  Juv. Tellinacea sp. 0.100 0.1 30.6 
Macoma balthica 10.9 27.9 94.9  Macoma balthica 24.3 13.9 44.5 
Manayunkia aestuarina 0.013 0.0 94.9  Manayunkia aestuarina 0.014 0.0 44.5 
Nematoda 0.025 0.1 95.0  Nematoda 0.018 0.0 44.5 
Nephtys hombergii 0.000 0.0 95.0  Nephtys hombergii 1.88 1.1 45.6 
Nitocra 0.035 0.1 95.0  Nitocra 0.000 0.0 45.6 
Paranais litoralis 0.253 0.6 95.7  Paranais litoralis 0.013 0.0 45.6 
Pygospio elegans 0.393 1.0 96.7  Pygospio elegans 0.617 0.4 46.0 
Sabellidae sp. 0.153 0.4 97.1  Sabellidae sp. 0.000 0.0 46.0 
Scrobicularia plana 0.013 0.0 97.1  Scrobicularia plana 92.5 53.1 99.0 
Streblospio shrubsolii 0.013 0.0 97.2  Streblospio shrubsolii 0.061 0.0 99.1 
Tuplidae 0.989 2.5 99.7  Tuplidae 0.831 0.5 99.5 
Tubificoides benedii 0.103 0.3 100.0  Tubificoides benedii 0.772 0.4 100.0 
Tubificoides pseudogaster 0.013 0.0 100.0   Tubificoides pseudogaster 0.013 0.0 100.0 
 
 
Hediste diversicolor, Hydrobia ulvae and Enchytraeid worms generally 
dominated communities at stations adjacent to the new sea wall in the Southeast 
of the restoration site (Table 4.5). The terrestrial organisms Isotomidae and 
Tuplidae were also present at multiple stations. The dominant species at stations 
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1-A and 1-B are H. ulavae, T. benedii and terrestrial organisms, while stations 4-
A and 4-B were almost entirely composed of terrestrial organisms (Table4.5).
Table 4.5: Species dominance for individual sampling stations from inside and 
outside Paull Holme Strays restoration site, stations are separated by location 
and were sampled from August 2004- September 2005.  
 
RESTORED HABITAT        
1-A A 
% 
Dom 
Cum 
%  1-B A 
% 
Dom 
Cum 
% 
Abra tenuis 127 3.07 3.08  Acarina 127 4.47 4.47 
Acarina 191 4.62 7.70  Arenicola marina 382 13.4 17.9 
Hydrobia ulvae 255 6.18 13.9  Hediste diversicolor 127 4.47 22.4 
Isotomidae 1974 47.8 61.7  Hydrobia ulvae 127 4.47 26.9 
Nematoda 424 10.3 71.9  Isotomidae 1592 56.0 82.7 
Tuplidae 369 8.94 80.9  Nematoda 254 8.94 91.8 
Tubificoides benedii 789 19.1 100.0  Tuplidae 233 8.12 100.0 
         
         
1-C A 
% 
Dom 
Cum 
%  2-A A 
% 
Dom 
Cum 
% 
Acarina 127 2.73 2.73  Acarina 339 13.9 13.9 
Hediste diversicolor 1104 23.8 26.5  Isotomidae 1443 59.1 72.9 
Hydrobia ulvae 127 2.74 29.2  Juv. Tellinacea sp. 127 5.19 78.1 
Isotomidae 649 13.9 43.2  Macoma baltica 127 5.19 83.3 
Macoma baltica 127 2.73 45.9  Nematoda 127 5.19 88.5 
Nematoda 709 15.3 61.2  Tuplidae 280 11.5 100.0 
Tuplidae 179 3.85 65.1      
Tubificoides benedii 1624 34.9 100.0      
         
         
2-B A 
% 
Dom 
Cum 
%  2-C A 
% 
Dom 
Cum 
% 
Carcinus maenas 127 1.795 1.80  Hediste diversicolor 205 5.37 5.37 
Enchytraeidae sp. 
indet. 382 5.39 7.19  Heterochaeta costata 127 3.33 8.70 
Hediste diversicolor 1146 16.2 23.4  Isotomidae 445 11.7 20.4 
Hydrobia ulvae 127 1.79 25.2  Macoma baltica 145 3.80 24.2 
Isotomidae 3439 48.6 73.8  Nematoda 1019 26.7 50.9 
Juv. Tellinacea sp. 255 3.60 77.4  Pygospio elegans 127 3.33 54.2 
Macoma baltica 178 2.52 79.9  Scrobicularia plana 382 10.0 64.2 
Manayunkia aestuarina 127 1.79 81.7  Tuplidae 275 7.21 71.4 
Nematoda 828 11.7 93.4  Tubificoides benedii 1091 28.6 100.0 
Paranais litoralis 212 2.99 96.4      
Strebiospio shrubsolii 127 1.79 98.2      
Tubificoides benedii 127 1.79 100.0      
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Table 4.5: 
Continued.                                
3-A A 
% 
Dom 
Cum 
%  4-A A 
% 
Dom 
Cum 
% 
Aphelochacta marioni 127 1.01 1.01  Corophium volutator 127 2.16 2.16 
Capitella sp. 127 1.01 2.02  Enchytraeidae sp. indet. 212 3.61 5.77 
Chone/ Jasmineria 127 1.01 3.04  Hediste diversicolor 212 3.61 9.38 
Corophium volutator 127 1.01 4.05  Hydrobia ulvae 169 2.88 12.3 
Enchytraeidae sp. 
indet. 127 1.01 5.06  Isotomidae 3708 63.1 75.4 
Hydrobia ulvae 410 3.27 8.33  Paranais litoralis 594 10.1 85.5 
Isotomidae 483 3.85 12.2  Tuplidae 727 12.37 97.8 
Macoma baltica 277 2.21 14.4  Tubificoides benedii 127 2.16 100.0 
Manayunkia aestuarina 127 1.01 15.4      
Nematoda 1126 8.97 24.4      
Paranais litoralis 7579 60.4 84.8      
Pygospio elegans 484 3.86 88.6      
Sabellidae sp. 382 3.05 91.7      
Tuplidae 185 1.47 93.2      
Tubificoides benedii 859 6.85 100.0      
         
4-B A 
% 
Dom 
Cum 
%  5-A A 
% 
Dom 
Cum 
% 
Acarina 127 5.807 5.81  Acarina 127 3.18 3.18 
Enchytraeidae sp. 
indet. 127 5.807 11.6  Arenicola marina 127 3.18 6.37 
Hydrobia ulvae 127 5.807 17.4  Copopoda 255 6.39 12.8 
Isotomidae 624 28.532 45.9  Hediste diversicolor 127 3.18 15.9 
Tuplidae 991 45.313 91.3  Hydrobia ulvae 191 4.78 20.7 
Tubificoides benedii 191 8.733 100.0  Isotomidae 2388 59.9 80.6 
     Nematoda 127 3.18 83.8 
     Paranais litoralis 255 6.39 90.2 
     Tuplidae 190 4.76 94.9 
     Tubificoides benedii 203 5.09 100.0 
         
5-B A 
% 
Dom 
Cum 
%  6-A A 
% 
Dom 
Cum 
% 
Abra tenius 700 19.9 19.9  Corophium volutator 255 1.06 1.06 
Acarina 127 3.60 23.5  Hediste diversicolor 127 0.53 1.58 
Arenicola marina 127 3.60 27.1  Isotomidae 23374 96.9 98.5 
Corophium volutator 382 10.8 37.9  Tuplidae 127 0.527 99.0 
Hediste diversicolor 127 3.60 41.5  Tubificoides benedii 233 0.966 100.0 
Hydrobia ulvae 127 3.60 45.1      
Isotomidae 798 22.6 67.7      
Macoma baltica 127 3.60 71.4      
Nematoda 191 5.42 76.8      
Tuplidae 564 16.0 92.8      
Tubificoides benedii 255 7.23 100.0      
  
 104 
 
 
Table 4.5: 
Continued. 
         
7-A A 
% 
Dom 
Cum 
%  7-B A 
% 
Dom 
Cum 
% 
Enchytraeidae sp. 
indet. 510 12.9 12.9  Acarina 127 1.99 1.99 
Hediste diversicolor 796 20.1 33.1  Enchytraeidae sp. indet. 127 1.99 3.97 
Hydrobia ulvae 191 4.83 37.9  Hediste diversicolor 127 1.99 5.96 
Isotomidae 1862 47.1 84.9  Hydrobia ulvae 127 1.99 7.94 
Nematoda 127 3.21 88.2  Isotomidae 4196 65.6 73.5 
Tuplidae 339 8.58 96.8  Macoma baltica 127 1.99 75.5 
Tubificoides benedii 127 3.21 100.0  Nematoda 509 7.96 83.5 
     Paranais litoralis 212 3.31 86.8 
     Tuplidae 240 3.75 90.5 
     Tubificoides benedii 350 5.47 96.0 
     
Tubificoides 
pseudogaster 255 3.99 100.0 
         
NATURAL 
HABITAT         
1-D A 
% 
Dom 
Cum 
%  1-E A 
% 
Dom 
Cum 
% 
Corophium volutator 700 7.71 7.71  Enchytraeidae sp. indet. 191 3.15 3.15 
Enchytraeidae sp. indet. 127 1.39 9.11  Etone flava/ longa 127 2.09 5.24 
Hediste diversicolor 721 7.95 17.1  Hydrobia ulvae 127 2.09 7.33 
Heterochaeta costata 127 1.39 18.5  Isotomidae 169 2.79 10.1 
Hydrobia ulvae 446 4.92 23.4  Juv. Tellinacea sp. 127 2.09 12.2 
Juv. Tellinacea sp. 191 2.10 25.5  Macoma baltica 424 6.99 19.2 
Macoma baltica 1299 14.3 39.8  Nematoda 4203 69.3 88.5 
Manayunkia aestuarina 127 1.39 41.2  Nephtys hombergii 127 2.09 90.6 
Nematoda 1931 21.3 62.5  Paranais litoralis 127 2.09 92.7 
Paranais litoralis 127 1.39 63.9  Scrobicularia plana 127 2.09 94.8 
Pygospio elegans 127 1.39 65.3  Tubificoides benedii 191 3.15 97.9 
Scrobicularia plana 191 2.10 67.4  
Tubificoides 
pseudogaster 127 2.09 100.0 
Strebiospio shrubsolii 828 9.12 76.5      
Tubificoides benedii 2006 22.1 98.6      
Tubificoides 
pseudogaster 127 1.39 100.0      
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Table 4.5: 
Continued. 
         
2-D A 
% 
Dom 
Cum 
%  2-E A 
% 
Dom 
Cum 
% 
Abra tenius 796 2.84 2.84  Abra tenius 127 3.14 3.14 
Cyathura carinata 13396 47.8 50.7  Enchytraeidae sp. indet. 339 8.37 11.5 
Etone flava/ longa 222 0.792 51.5  Etone flava/ longa 254 6.27 17.8 
Hediste diversicolor 976 3.48 54.9  Hediste diversicolor 127 3.14 20.9 
Hydrobia ulvae 828 2.96 57.9  Hydrobia ulvae 127 3.14 24.0 
Juv. Tellinacea sp. 382 1.36 59.3  Isotomidae 382 9.43 33.5 
Macoma baltica 509 1.82 61.1  Macoma baltica 541 13.4 46.8 
Manayunkia aestuarina 1401 5.00 66.1  Nematoda 1210 29.9 76.7 
Nematoda 7303 26.1 92.1  Nephtys hombergii 255 6.30 82.9 
Paranais litoralis 127 0.45 92.6  Paranais litoralis 127 3.14 86.1 
Strebiospio shrubsolii 1273 4.54 97.1  Strebiospio shrubsolii 339 8.37 94.5 
Tuplidae 254 0.907 98.0  Tubificoides benedii 223 5.50 100.0 
Tubificoides benedii 551 1.97 100.0      
         
2-F A 
% 
Dom 
Cum 
%  5-C A 
% 
Dom 
Cum 
% 
Abra tenius 2216 12.9 12.9  Abra tenius 4033 17.0 17.0 
Cyathura carinata 190 1.11 14.0  Copopoda 127 0.536 17.6 
Enchytraeidae sp. indet. 1995 11.6 25.7  Enchytraeidae sp. indet. 2866 12.1 29.7 
Etone flava/ longa 169 0.986 26.7  Etone flava/ longa 169 0.714 30.4 
Hediste diversicolor 815 4.75 31.4  Hediste diversicolor 3099 13.1 43.5 
Heterochaeta costata 127 0.741 32.2  Heterochaeta costata 127 0.536 44.0 
Hydrobia ulvae 866 5.05 37.2  Hydrobia ulvae 636 2.69 46.7 
Juv. Tellinacea sp. 700 4.08 41.3  Macoma baltica 658 2.78 49.5 
Macoma baltica 1477 8.62 49.9  Manayunkia aestuarina 2675 11.3 60.8 
Manayunkia aestuarina 255 1.49 51.4  Nematoda 2292 9.68 70.4 
Nematoda 4178 24.4 75.8  Pygospio elegans 127 0.536 70.9 
Pygospio elegans 2777 16.2 91.9  Scrobicularia plana 127 0.536 71.5 
Scrobicularia plana 127 0.74 92.7  Strebiospio shrubsolii 993 4.19 75.7 
Strebiospio shrubsolii 191 1.11 93.8  Tuplidae 127 0.536 76.2 
Tuplidae 127 0.741 94.6  Tubificoides benedii 5626 23.8 100.0 
Tubificoides benedii 934 5.45 100.0      
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Table 4.5: 
Continued. 
         
5-D A 
% 
Dom 
Cum 
%  5-E A 
% 
Dom 
Cum 
% 
Abra tenius 3163 14.5 14.5  Abra tenius 127 0.575 0.575 
Copopoda 382 1.75 16.3  Corophium volutator 127 0.575 1.15 
Cyathura carinata 636 2.91 19.2  Enchytraeidae sp. indet. 13587 61.5 62.7 
Enchytraeidae sp. indet. 5859 26.9 46.1  Etone flava/ longa 255 1.15 63.9 
Etone flava/ longa 127 0.583 46.6  Hediste diversicolor 318 1.44 65.3 
Hediste diversicolor 1486 6.82 53.5  Hydrobia ulvae 127 0.575 65.9 
Hydrobia ulvae 318 1.46 54.9  Isotomidae 382 1.73 67.6 
Isotomidae 127 0.583 55.5  Juv. Tellinacea sp. 255 1.15 68.8 
Juv. Tellinacea sp. 764 3.51 59.0  Macoma baltica 917 4.15 72.9 
Macoma baltica 1125 5.16 64.2  Manayunkia aestuarina 1783 8.07 80.9 
Manayunkia aestuarina 790 3.62 67.8  Nematoda 2441 11.1 92.0 
Nematoda 3864 17.7 85.5  Nephtys hombergii 190 0.861 92.9 
Pygospio elegans 1401 6.43 91.9  Paranais litoralis 127 0.575 93.5 
Strebiospio shrubsolii 721 3.31 95.3  Pygospio elegans 679 3.08 96.5 
Tuplidae 169 0.775 96.0  Strebiospio shrubsolii 191 0.865 97.4 
Tubificoides benedii 866 3.97 100.0  Tuplidae 127 0.575 97.9 
     Tubificoides benedii 445 2.02 100.0 
         
7-C A 
% 
Dom 
Cum 
%  7-D A 
% 
Dom 
Cum 
% 
Abra tenius 255 2.88 2.88  Abra tenius 1044 3.74 3.74 
Enchytraeidae sp. indet. 3927 44.37 47.3  Cyathura carinata 424 1.52 5.26 
Etone flava/ longa 127 1.44 48.7  Enchytraeidae sp. indet. 16304 58.36 63.6 
Hediste diversicolor 1974 22.3 70.9  Etone flava/ longa 127 0.455 64.1 
Heterochaeta costata 191 2.16 73.2  Hediste diversicolor 913 3.27 67.3 
Hydrobia ulvae 191 2.16 75.3  Hydrobia ulvae 1114 3.99 71.3 
Isotomidae 255 2.88 78.2  Isotomidae 382 1.37 72.7 
Macoma baltica 382 4.32 82.5  Macoma baltica 531 1.90 74.6 
Manayunkia aestuarina 127 1.44 83.9  Manayunkia aestuarina 560 2.00 76.6 
Nematoda 679 7.67 91.6  Nematoda 4203 15.0 91.7 
Pygospio elegans 127 1.44 93.1  Nephtys hombergii 127 0.455 92.1 
Tuplidae 169 1.91 94.9  Pygospio elegans 1613 5.77 97.9 
Tubificoides benedii 446 5.04 100.0  Strebiospio shrubsolii 127 0.455 98.3 
     Tuplidae 127 0.455 98.8 
     Tubificoides benedii 339 1.21 100.0 
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 In contrast, the community (as a whole) on the natural mudflats was 
dominated by enchytraeid oligochaete worms and nematodes, which collectively 
accounted for 61% of the abundance. Other key species were Tubificoides 
benedii, Manayunkia aestuarina (Table 4.6). The biomass was dominated by H. 
diversicolor (34%), which together with the bivalves M. baltica and A. tenius, 
account for (64%) of the biomass (Table 4.4). T. benedii and M. aestuarina 
accounted for less than 1% of the biomass. 
 There was also a clear spatial pattern in the community type at the natural 
site. Low shore communities are characterized by nematodes, enchytraeid 
worms and T. benedii, with M. baltica, H. ulavae, P. elegans and S. shrubsolli 
found at all stations (Table 4.6). The communities in the upper and mid shore 
Table 4.5: 
Continued. 
         
7-E A 
% 
Dom 
Cum 
%  CHERRY A 
% 
Dom 
Cum 
% 
Abra tenius 339 10.3 10.3  Abra tenius 1159 1.20 1.20 
Enchytraeidae sp. indet. 4 0.122 10.4  Corophium volutator 169 0.175 1.38 
Etone flava/ longa 212 6.45 16.9  Cyathura carinata 255 0.265 1.64 
Hediste diversicolor 127 3.86 20.8  Enchytraeidae sp. indet. 34596 35.92 37.6 
Hydrobia ulvae 255 7.76 28.5  Etone flava/ longa 254 0.264 37.8 
Macoma baltica 1125 34.2 62.7  Hediste diversicolor 1053 1.09 38.9 
Nematoda 280 8.52 71.3  Hydrobia ulvae 302 0.314 39.2 
Nephtys hombergii 148 4.50 75.8  Macoma baltica 4670 4.85 44.1 
Pygospio elegans 331 10.1 85.8  Manayunkia aestuarina 3872 4.02 48.1 
Scrobicularia plana 127 3.86 89.7  Nematoda 39844 41.4 89.5 
Strebiospio shrubsolii 127 3.86 93.6  Nephtys hombergii 127 0.132 89.6 
Tubificoides benedii 212 6.45 100.0  Paranais litoralis 254 0.264 89.9 
     Pygospio elegans 1698 1.76 91.6 
     Scrobicularia plana 458 0.475 92.1 
     Strebiospio shrubsolii 127 0.132 92.2 
     Tubificoides benedii 7490 7.78 100.0 
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differed in that H. diversicolor was more abundant and a lower number of 
bivalves were recorded than from the lower shore.
Table 4.6: Key species in terms of abundance total number of animals found by 
year inside Paull Holme Strays managed restoration site (collectively), outside 
Paul Home Strays managed restoration site (collectively) Paul Home Strays 
managed restoration site and the natural site Cherry Cobb sands. 
  INSIDE 2004       
OUTSIDE 
2004   
  Total Abundance % Dom     
Total 
Abundance % Dom 
Paranais litoralis 3235 30.3  
Enchytraeidae sp. 
indet. 6521 36.7 
Isotomidae 1413 13.2  Nematoda 2117 11.9 
Abra tenius 1274 11.9  Tubificoides benedii 1589 8.9 
Tubificoides benedii 1069 10.0  Hediste diversicolor 1441 8.1 
Nematoda 840 7.9  Abra tenius 843 4.7 
     Macoma baltica 755 4.2 
        
Manayunkia 
aestuarina 751 4.2 
 
       
  INSIDE 2005       
OUTSIDE 
2005   
  Total Abundance % Dom     
Total 
Abundance % Dom 
Isotomidae 3997 41.9  
Enchytraeidae sp. 
indet. 6427 27.0 
Nematoda 831 8.7  Nematoda 3717 15.6 
Hediste diversicolor 581 6.1  Abra tenius 3674 15.4 
Tuplidae 433 4.5  Pygospio elegans 1435 6.0 
Pygospio elegans 382 4.0  Tubificoides benedii 1266 5.3 
Sabellidae sp. 382 4.0  Hediste diversicolor 1197 5.0 
Tubificoides benedii 369 3.9  
Manayunkia 
aestuarina 1042 4.3 
Paranais litoralis 318 3.3  Macoma baltica 875 3.6 
Corophium volutator 305 3.2  Hydrobia ulvae 750 3.2 
Enchytraeidae sp. 
indet. 297 3.1   Juv. Tellinacea sp. 636 2.7 
       
  
CHERRYCOBB SANDS 
2002           
  Total Abundance % Dom         
Enchytraeidae sp. 
indet. 34596 35.9      
Macoma baltica 4670 4.8      
Manayunkia 
aestuarina 3872 4.0      
Nematoda 39844 41.4      
Tubificoides benedii 7490 7.8         
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 There has been a general trend of increase in the number of species at 
stations in the reference site since 2004 (Fig. 4.12). Station 1-a, 1-b showed a 
significant difference in the number of species based upon month (Table 4.7). 
There were significantly fewer species found in May ‘05 and July ‘05 (p< 0.05) 
than were found in October ‘04 and January ‘05 at station 1-a (Fig. 4.13). May 
‘05 had significantly fewer species than November ‘04 (p< 0.05) for station 1-b 
(Fig. 4.13). At station 2-a August ’04 had significantly fewer species compared to 
October ’04 (p< 0.05), which had significantly fewer species than September ’05 
(p< 0.05) (Fig. 4.12) There were significantly fewer species present in August ’04 
and October ’04 than in September ’05 (p< 0.05) at station 2-b (Fig. 4.13). There 
were significantly fewer species found in August ’04 than in November ’04 (p, 
0.05) (Fig. 4.13). For station 3-a August ’04 had fewer species than February ’05, 
March ’05 and July ’05 (p< 0.05), which had, were species than October ’04 (p< 
0.05) (Fig. 4.13). At station 4-a there were significantly more species found in 
October ’04 than any other month (p< 0.05) (Fig. 4.13). Station 6-a saw 
significantly fewer species (p< 0.05) in March ’05 and May ’05 than in October 
’04, November ’04, December ’04, February ’05, July ’05 and September ’05, and 
October ’04 and November ’04 had significantly fewer species (p< 0.05) than 
December ’04, January ’05, July ’05 and September ’05 (Fig. 4.13). 
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Fig. 4.12: Temporal changes in the number of species present (mean ± SD), 
between 2004 and 2005 for all stations sampled, inside and outside of Paull 
Holme Strays restoration site from August 2004- September 2005. * Indicates 
sample stations located on the natural mudflat.
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Table 4.7: One-way ANOVA results from comparisons of species richness per m2 
found per month by station within Paull Holme Strays restoration site from August 
2004- September 2005. 
 
Station F d.f. 
1-A 4.305* 8,16 
1-B 3.03** 8,18 
1-C 1.01 8,18 
2-A 37.5** 2,6 
2-B 15.05** 2,6 
2-C 3.17* 8,19 
3-A 5.93** 9,18 
4-A 13.13** 8,17 
4-B 1.44 8,19 
5-A 1.21 9,21 
5-B 1.72 8,17 
6-A 9.68** 8,17 
7-A 2.01 9,20 
7-B 2.74 8,18 
* p< 0.01; ** p<0.05  
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Fig. 4.13: Temporal changes in species richness (mean ± SD) based upon 
station from inside Paull Holme Strays restoration site. Please note differences in 
the x- axis based upon station. 
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Fig. 4.13: continued 
 Additionally, within the restoration site significant temporal changes have 
been seen in abundance (Table 4.8). Station 2-c had significantly (p< 0.05) fewer 
individuals per m2 in August ’04 and October ’04 than in December ’04, January 
’05, February ’05, March ’05, May ’05 and September ’05, which all had 
significantly (p< 0.05) fewer individuals per m2 than November ’04 (Fig. 4.14). At 
station 3-a October ’04 had significantly (p< 0.05) more individuals per m2 than 
any other month sampled (Fig. 4.14). In May ’05 there were significantly (p< 
0.05) more individuals per m2 than any other month sampled at station 4-a (Fig 
4.14). At station 4-b January ’05 had significantly (p< 0.05) more individuals per 
m2 than any other month sampled (Fig. 4.14). July ’05 had significantly (p< 0.05) 
more individuals per m2 than any other month sampled (Fig. 4.14). At station 6-a 
there were significantly (p< 0.05) more individuals per m2 in September ’05 than 
any other month sampled. At station 7-b there were significantly (p< 0.05) more 
individuals per m2 in September ’05 than any other month sampled (Fig. 4.14). 
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Table 4.8: One-way ANOVA results from comparisons of abundance (individuals 
per m2) found per month by station within Paull Holme Strays restoration site 
between August 2004 and September 2005. 
 
Station F d.f. 
1-A 0.91 8,16 
1-B 1.62 8,18 
1-C 1.07 8,18 
2-A 4 2,6 
2-B 0.88 2,6 
2-C 7.15** 8,19 
3-A 6.61** 9,18 
4-A 3.74* 8,17 
4-B 8.56** 8,19 
5-A 12.19** 9,21 
5-B 0.77 8,17 
6-A 13.47** 8,17 
7-A 0.81 9,20 
7-B 9.33** 8,18 
* p< 0.01; ** p<0.05  
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Fig. 4.14: Temporal changes in the abundance (individuals per m2) (mean ± SD) 
based upon station from inside Paull Holme Strays restoration site. Please note 
differences in the x- axis. 
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Fig. 4.14: Continued
 
 Within the restoration site significant temporal changes were seen in 
biomass (Table 4.9). Biomass was significantly higher (p< 0.05) in August ’04 
than in any other month at station 1-b (Fig. 4.15). At station 1-c July ’05 had 
significantly (p< 0.05) more biomass than any other month sampled (Fig. 4.15). 
Biomass was significantly (p< 0.05) lower in August ’04 and October ’04 than any 
other month sampled at station 2-b (Fig. 4.15). January ’05 had significantly (p< 
0.05) more biomass than any other month at station 4-b (Fig. 4.15). Station 6-a 
had significantly (p< 0.05) more biomass in September ’05 than any other month 
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(Fig. 4.5). September ’05 also saw a significantly (p< 0.05) higher biomass at 
station 7-a when compared to the other months sampled (Fig. 4.15).
 
Table 4.9: One-way ANOVA results from comparisons of biomass (total weight of 
individuals m-2) found per month by station within Paull Holme Strays restoration 
site between August 2004 and September 2005. 
 
Station F d.f 
1-A 1.94 8,16 
1-B 3.55** 8,18 
1-C 263.57* 8,18 
2-A 2.89 2,6 
2-B 7.3* 2,6 
2-C 0.66 8,19 
3-A 1.08 9,18 
4-A 1.23 8,17 
4-B 42.05 8,19 
5-A 0.5 9,20 
5-B 1.07 8,17 
6-A 5.32** 8,16 
7-A 18.37** 9,20 
7-B 2.1 8,18 
* p< 0.01; ** p<0.05  
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Fig. 4.15: Temporal changes in the biomass (total weight of individuals m-2) 
(mean ± SD) based upon station from inside Paull Holme Strays restoration site 
between August 2004 and September 2005. Please note differences in the x- 
axis. 
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 In the natural habitat, a significant difference was seen in abundance at 
station 2-e (Table 4.10) were significantly more individuals per m2 were present 
in September ’05 (p< 0.05). Additionally, there were significant differences in 
biomass at stations 2-f, 5-d, 7-d and 7-e (Table 4.11). Stations 2-f, 5-d, and 7-d 
all had significantly more biomass in September ‘05 (p< 0.05), while station 7-e 
had significantly more biomass in October ’04 (p< 0.05). Maximum species 
richness was found at stations in the mid in upper shore in all years sampled, 
however there was no significant difference found in species richness in any 
station between month or year (Table 4.12). Considering stations in the 
restoration site and the natural habitat collectively, there was a significant 
difference in the number of species found between 2004 and 2005 based upon a 
Wilcoxon sing rank test (z= -17.76, p< 0.01) (Fig. 4.16).
 
Table 4.10: One-way ANOVA results from comparisons of abundance 
(individuals m-2) found per month by station within the natural habitat (outside of 
the restoration site at Paull Holme Strays), between August 2004 and September 
2005. 
 
Station F d.f 
1-D 0.72 4,2 
1-E 6.16 1,4 
2-D 0.43 1,4 
2-E 13.46* 1,4 
2-F 4.33 1,4 
5-C 0.51 1,4 
5-D 1.35 1,4 
5-E 1.14 1,4 
7-C 1.06 1,4 
7-D 2.82 1,4 
7-E 3.63 1,4 
* p< 0.01; ** p<0.05  
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Table 4.11: One-way ANOVA results from comparisons of biomass (total weight 
of individuals m-2) found per month by station within the natural habitat (outside 
of the restoration site at Paull Holme Strays), between August 2004 and 
September 2005. 
 
Station F d.f. 
1-D 10.9 4,2 
1-E 0.54 1,4 
2-D 1.5 1,4 
2-E 1.01 1,4 
2-F 17.91* 1,4 
5-C 0.33 1,4 
5-D 245.57** 1,4 
5-E 0.17 1,4 
7-C 0.07 1,4 
7-D 18.65* 1,4 
7-E 34.62** 1,4 
* p< 0.01; ** p<0.05  
 
 
Table 4.12: One-way ANOVA results from comparisons of species richness per 
m2 found per month by station within the natural habitat (outside of the 
restoration site at Paull Holme Strays), between August 2004 and September 
2005. 
 
Station F d.f. 
1-D 8.5 4,2 
1-E 5.26 1,4 
2-D 4 1,4 
2-E 1.75 1,4 
2-F 0.79 1,4 
5-C 1.78 1,4 
5-D 8.8 1,4 
5-E 6.4 1,4 
7-C 1 1,4 
7-D 0.14 1,4 
7-E 0.14 1,4 
* p< 0.01; ** p<0.05  
 
 Numerically Communities could be divided into two major groups - those 
inside the restoration site and those found in natural habitat. Furthermore, the 
communities in the natural habitat could be separated by shore height with the 
mid and upper shore being the most species rich. Enchytraeidae, nematodes, 
Hydrobia ulavae and Hedistie diversicolor dominated the mid and upper shore of 
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the natural community. In the lower shore nematodes and Enchytraediae were 
still dominant but the importance of bivalves increased (Table 4.5). In comparison 
the community in the restored habitat has changed considerably over the 
sampling period, with the most noticeable difference being the decrease in 
Paranais litoralis. In 2004 it accounted for 30% of the total species abundance 
and in 2005 it only accounted for 3% of the total species abundance (Table 4.6). 
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Fig. 4.16: Temporal changes in the mean number of species present between 
2004 and 2005 for all stations sampled both inside and outside the restoration 
site at Paull Holme Strays. 
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4.4. Discussion
 The macrofaunal communities outside of the managed realignment site 
and at Cherry Cobb can be considered typical of the middle estuarine area, being 
composed of a large number of relatively small organisms of a very few species. 
The intertidal communities of this area of the Humber estuary have been studied 
by various authors (Allen and Elliott, 1999; Mortimer et al., 1999; Allen, 2000; 
Mazik and Elliott, 2000; Widdows et al., 2000) with findings being broadly 
consistent to those of the present study, in terms of species composition and 
abundances (Table 4.3). While the macrofaunal communities within the 
realignment site are still considered to be in the early stages of development with 
the number of species, abundance, biomass and diversity remaining low though 
2005. 
 Warwick (1990) stated that one, or a few large species, each represented 
by a few individuals characterize unstressed or stable environments. Whilst these 
species are rarely the numerical dominants in marine or estuarine communities, 
they are dominant in terms of the biomass. In contrast, stressed communities are 
characterized by high numbers of short lived r- strategists with small body size, a 
high reproductive capacity and a variable population size. The infaunal 
communities on the established mudflats have remained relatively stable (Table 
4.13) over the sampling period when looking at species composition, number of 
species, abundance and diversity. The communities of the developing mudflats 
on the restoration site on the other hand, have changed considerably over the 
past two years they started out highly unstable. With time the species richness, 
  
 123 
total biomass and total abundance have all increased gradually. It is important to 
note that there was a large decrease in the number of Paranais litoralis between 
2004 and 2005, which should have led to a decrease in the total abundance in 
2005 but due to a large influx of terrestrial organisms this was not seen. 
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Table 4.13: Coefficients of variation for biological parameters for each station 
sampled both inside and outside Paull Holme Strays restoration site. Stations are 
separated by location. 
 
              INSIDE   
  S A B 
1-A 93% 216% 165% 
1-B 63% 132% 225% 
1-C 75% 116% 257% 
2-A 89% 168% 112% 
2-B 84% 133% 119% 
2-C 54% 93% 105% 
2-D 37% 95% 84% 
2-E 47% 52% 74% 
2-F 32% 61% 81% 
3-A 59% 129% 126% 
4-A 78% 172% 280% 
4-B 81% 163% 198% 
5-A 62% 233% 168% 
5-B 68% 110% 255% 
6-A 74% 268% 228% 
7-A 71% 225% 328% 
7-B 59% 240% 200% 
            OUTSIDE   
  S A B 
1-D 40% 60% 9% 
1-E 55% 127% 100% 
2-D 37% 95% 84% 
2-E 47% 52% 74% 
5-C 16% 62% 54% 
5-D 18% 182% 56% 
7-C 23% 54% 33% 
7-D 21% 116% 465% 
7-E 28% 50% 83% 
          REFERENCE   
  S A B 
CHERRY 37% 111% NA 
 
*S= number of species; A= total abundance/ m2; B= biomass (g m2) 
 
 
Paranais litoralis is an opportunistic species with a swimming adult 
dispersal phase and is often an early colonizer of disturbed or newly formed 
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habitats (Talley and Levin, 1999; Levington and Kurdziel, 2000; Stocks and 
Grassle, 2003). Hediste diversicolor lives for about two years, and dies once its 
spawns (monotelic). Hediste larvae are free swimming, but are said to not enter 
the plankton, instead they remain near the substratum to avoid being swept out 
to sea. Bartels-Hardege and Zeeck (1990) have stated that spawning in the wild 
occurs in the spring. Corophium volutator live for approximately 6 months. 
Females carry young in a brood pouch until they are ready to be released. In one 
season a female may produce as many as 5 broods, and as the young are 
liberated they form small side burrows off of the parental one until they are large 
enough to inhabit their own (Budd, 2007; Little, 2000). Macoma balthica is an 
active suspension feeding species, that is a biodestabilizer (Widdows, 2000). 
They breed annually (iteroparous) with breeding occurring from spring to fall 
(Little, 2000; Caddy, 1967). Hydrobia ulvae is a short-lived species with only one 
breeding period (semelparous). At the end of their life they produce 
approximately 40 eggs that hatch into planktonic veligers, before settling and 
metamorphosing into snails (Jackson, 2000; Little, 2000). 
Talley and Levin (1999) found that P. litoralis characterizes the early 
successional stages of community development whereas enchytraeid and 
tubificid oligochaetes are more characteristic of older, established communities, 
such as those found outside of the managed realignment site. This is consistent 
with the findings of this study. Prenda and Gallardo (1992) also noted P. litoralis 
is predominantly found in the sediments with high silt and organic content, 
subjected to low current speeds. This may, in part, explain the distribution of P. 
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litoralis within the managed realignment site where it was found in the upper 
shore area and the eastern lower shore area. 
Community structure inside the restoration site has also changed 
considerably over time with characteristic estuarine species such as Hediste 
diversicolor and Hydrobia ulvae increasing in abundance and becoming more 
dominant. As this shift in species occurs the restoration site is becoming more 
and more like the established mudflats, resulting in the habitats within the 
restoration site becoming more stable. However, terrestrial organisms are still 
present in high numbers at most stations inside the managed realignment site. 
There does not appear to be any temporal trends in their distribution. Perhaps 
this is because many of the sampling stations are in close proximity to the 
floodwalls, thus making it likely that that they move between the mudflats and 
their terrestrial habitat during low tide. 
Colonization appears to be the most rapid close to the breach sites (Table 
4.14) in the East and West where the communities most closely resemble those 
on the upper shore outside of the site and Cherry Cobb. This includes stations 2-
B, 2-C and 3-A in the west and station 7-B, which is directly opposite the eastern 
breach. Since a large borrow pit was present directly opposite the western 
breach (Fig. 2. 6), a large area in which maximum colonization and community 
development may be taking place could not be sampled [in the past]. But by 
summer of 2005, the rate of accretion in the north west of this site has increased 
significantly (Fig. 2.15), filling in this borrow pit and allowing parts of it to be 
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exposed mudflat at high water. During sampling it has been noted that at low 
water birds congregate on this newly exposed mudflat for feeding. As a result 
characterization of the benthic communities in this area is recommended. 
 
Table 4.14: Mean rate of colonization of benthic invertebrates per month for 
sampling stations within the restoration site. Rate of colonization equals the 
mean number of individuals added to each station per m2. 
 
                    Rate of colonization 
1-A -469  
1-B 3  
1-C 106  
2-A 404  
2-B 1380  
2-C 21  
3-A -67  
4-A -175  
4-B 19  
5-A 28  
5-B 69  
6-A 9522  
7-A 142  
7-B 2580  
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 Community development and the distribution of certain species is related to 
tidal inundation and, to a lesser extent accretion with colonization being greatest in 
areas of moderate accretion but being limited in areas of high accretion (Mazik, 
2006). However this is an assumption based upon accretion and tidal inundation 
data collected from a limited number of sites (7) in 2005/ 2006 by Smith (2007). 
Smith (2007) used a Spearman’s rank correlation to show significant positive 
correlations between tidal inundation and the number of species and total 
abundance. Additionally, the distribution of nematodes, Spionidae, Enchytraeidae, 
Macoma balthica and Hediste diversicolor were positively correlated with tidal 
inundation. Due to sedimentation being so rapid in the northwestern area of the 
restoration site (Fig 2.15), the mudflat in this area has built up to such an extent that 
inundation does not occur on every tide. It is not surprising then, that species typical 
of this area of the Humber estuary (Enchytraeidae, H. diversicolor) are present in 
only low numbers.  
Despite monitoring community development since the spring after breaching, 
the community inside of the restoration site is not fully stable or fully developed when 
compared to the communities of the natural sites; abundance and diversity are also 
considered to be low when compared to these established mudflats. In comparison 
to other studies, colonization and establishment as shown by univariate indices has 
been slow. For example, Bolam and Whomersley (2005) studied colonization of 
dredged material used for mudflat enhancement at three sites in the south east of 
England. They suggested that, following defaunation, low diversity mudflat 
communities composed largely of opportunistic species could become established 
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within 3-12 months as shown by the community univariate properties. A community 
structure comparable to that prior to defaunation or to that of a reference site could 
be achieved within two years. On the other hand, Levien et al. (1996) found that, as 
a whole, macrofaunal communities on artificially created saltmarsh could regain 
early successional characteristics by around four years after initial colonization. The 
rate of infaunal colonization was found to be greatest in the lower marsh/ upper 
mudflat, which is comparable to the results of this study (Table 4.14). While 
macrofaunal densities and diversity resembled those of natural marsh relatively 
quickly, community structure did not. This was attributed to differences in sediment 
characteristics. In addition, Craft et al. (1999) stated that restoration of ecological 
features such as secondary production, habitat and species diversity generally does 
not occur within the first decade. But, results of this study have shown a significant 
increase in species richness over the first two years of habitat development, which 
suggests that it will not take decades for community structure and secondary 
production to occur. 
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Chaper 5 
 
Abundance and behaviour of wader and waterfowl 
assemblages in the restored tidal wetlands of Paull 
Holme Strays 
 
5.1. Introduction 
 
Coastal wetlands are unique habitats that serve numerous ecological 
roles. Annual use of coastal wetlands by tens of thousands of shorebirds has 
demonstrated the importance of these habitats as foraging and roosting areas. 
The fulfilment of both structural (e.g. shorebird density, species diversity) and 
functional (e.g. behaviour) roles is a critical aspect of the ecological and aesthetic 
values of these habitats (Millennium Ecosystem Assessment, 2005; Zedler, 
1996). 
 Extensive global loss of wetland reduces the integrity of migratory flyways 
and the quality of wintering habitat (Zedler, 1996). As with many estuaries, the 
Humber estuary’s wetlands have been reduced in area significantly over the past 
2000 years for agriculture and urban development (French, 2006; McLusky and 
Elliott 2004; Humber Estuary and Coast, 1994). Consequently, wetland 
restoration has become an important tool to stop the damage to ecosystem 
functions resulting from habitat loss, although the creation of functional habitat 
and the assessment of restoration success remain challenging tasks (Zedler and 
Lindig-Cisneros, 2000; Elliott et al., 2007). The highly mobile nature of birds 
facilitates rapid colonization of restored habitats (Hemesath and Dinsmore, 1993; 
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Passell, 2000). However, bird density and diversity, though simple and frequently 
used means to assess some structural attributes of restored sites (e.g., 
LaGrange and Dinsmore, 1989; Ratti et al., 2001), does not necessarily 
represent the quality of the ecological functions of the restored habitat. High 
abundance may stem from the presence of opportunistic species (e.g., gulls); 
species that thrive in degraded or edge habitats, while wetland species, often 
targets of restoration, remain absent from the restored sites (Melven and Webb, 
1998). When assessing habitat restoration for shorebirds, measurements of 
species richness within this specific target group may provide a more accurate 
indication of restoration success. Additionally, success can be measured by 
looking at the specific needs of a target species or assemblage. When looking at 
the needs of a target species or assemblage both habitat type and prey 
availability/ quality (diversity and size) need to be taken into account. Each target 
species/ assemblage has specific needs so by looking at a matrix of physical and 
biological parameters of a restoration site one can assign a value based on the 
needs of a target species or assemblage.  
 Direct observations of wetland bird behaviour can yield a broader picture 
of bird use of restored sites by incorporating functional attributes such foraging 
and other activities into the assessment of restoration success. However, these 
critical aspects of bird responses to habitat restoration are rarely documented 
(Brusati et al., 2001). In addition, habitat selection by wetland birds varies among 
vegetated, tidal flat and submerged habitat types based on wetland bird activity: 
foraging typically takes place on tidal flats, whereas stands of vegetation at 
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higher elevations are usually used for roosts (Warnock and Takekawa, 1995). 
Thus, the evaluation of wetland bird use of different habitat types for feeding, 
roosting, breeding, may be a better indicator of the functional quality of restored 
sites. 
 Understanding how to establish functional habitat for wetland birds 
requires identification of habitat characteristics that influence bird density, 
diversity, and behaviour (George and Zack, 2001). Wetland birds tend to prefer 
habitats with open water or mudflats (Warnock and Takekawa, 1995; Long and 
Ralph, 2001) or areas with diverse habitat types (Craig and Beal, 1992). 
Restored sites my initially provide large expanses of unvegetated habitat that 
attracts wetland birds, although this open space often diminishes over time as 
plants become established. In addition, the degree of human impact within the 
larger landscape matrix is often negatively related to bird density and diversity 
(Craig and Beal, 1992; Fairbairn and Dinsmore, 20001; George and Zack, 2001; 
Marzluff and Ewing, 2001); however, restored sites are frequently established at 
the edge of natural habitats or in disturbed areas in close proximity to man-made 
structures. 
 The aims of this chapter are to determine whether wetland bird density, 
diversity, behaviour and habitat use were similar between reference and the 
restored mudflats at Paull Holme Strays and to evaluate if, after Paull Holme 
Strays was breached, the wetland bird population on the existing mud flat 
remained consistent. It is hypothesised that the restoration of the wetland habitat 
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at Paull Holme Strays will increases the numbers of wetland birds using the 
middle Humber estuary.  
5.2. Materials and methods  
5.2.1. Field Methods 
Surveys were conducted over a ∼300 ha wetland area in the middle region 
of the Humber Estuary (Fig. 5.1). A restored site (Paull Holme Strays) (Fig. 5.2) 
was created in 2003 from a disturbed open space that had been blocked off to 
tidal flow and farmed until 2002. The site was reopened to tidal flow in 2003. In 
2003, a ∼60 ha survey plot was designated that encompassed most of the area 
of the restored site. Survey plots of approximately the same size were 
established in two reference locations one adjacent to the restored site on the 
existing mudflat and the other to the west of the restored site at Saltend (Fig. 
5.1). These reference sites were chosen for their similarity in habitat type to the 
restored site. All three sites are similar in that they are all mudflats within 1.5 km 
of one and other and they all experience the same tidal regime.
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Fig. 5.1: Saltend to Paull Holme Strays on the North side of the middle Humber 
Estuary. The distance between Paull Holme Strays and Saltend is 1.5 KM. 
 *Map modified from gogleMaps.com
 
 Surveys for bird abundance and behaviour were performed monthly from 
January 2002 to December 2002 at the reference site located just outside of the 
restored habitat at Paull Holme Strays by IECS (Institute of Estuarine and 
Coastal Studies, University of Hull, UK). This data was used to look to consider if 
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the restoration of Paull Holme Strays increased the middle Humber estuary’s bird 
carrying capacity or if it caused a shift in the location of the birds. 
Paull Holme Strays was monitored for bird abundance and behaviour at 
both restored and reference sites from June 2004 to June 2005 as was the 
reference site Saltend (the reference site at Saltend was monitored by IECS). All 
surveys were conducted using a Kowa TSN3 spotting telescope with 25x and 
60x eyepieces, and Alpina 10x binoculars from a distance greater than 50 m to 
minimize bird disturbance. A series of 3 counts undertaken on each survey date, 
at approximately low, mid and high water at the reference and restored sites at 
Paull Holme Strays, while surveys at the reference site at Paull Holme Strays 
prior to the breach and at Saltend consisted of a single count at of peak 
abundance (maximum number of birds on the site) over the tidal cycle. Each 
survey consisted of a single scan of the study area to document the density, 
behaviour and habitat use of all waders and waterfowl. Behaviour was separated 
into two categories: foraging (both searching and handling food) and roosting 
(Brusati et al., 2001). Birds flying over the site and birds that arrived on the site 
during a survey were not included in the censuses. 
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Fig. 5.2: Zones for ornithological surveys at Paull Holme Strays.  Zones A and B 
are mudflats that existed prior to the breach in 2003. Zones C through K are all 
within the managed realignment site. ** Map modified from IECS map of PHS 
 
5.2.2 Data Analysis 
All birds observed using a site during a count were included in the 
calculation of the Shannon- Wiener species diversity index (H′), which is 
sensitive to changes in rare species, where: 
 H′= ∑(pi)(ln pi)  
and pi is the proportion of the bird community belonging to the ith species (Krebs 
1994). Species evenness, E (the equitability of abundance among species) was 
calculated for each site, where: 
 E= average H′ per site/ H′ max.  
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The maximum species diversity is given by H′ max =ln S, where S was the total 
number of species observed (Krebs, 1994). Species richness is the total number 
individuals of species observed in each site. For detailed analyses of behaviour 
and abundance, the study focussed on the most common taxa: Shelduck 
(Tadorna tadorna), Teal (Anas crecca), Mallard (Anas platyrhynchos), Golden 
Plover (Pluvialis apricaria), Redshank (Tringa tetanus), Dunlin (Calidris alpina), 
and Curlew (Numenius arquata).  
 Species diversity and the density (birds/ ha) of these species were 
analyzed using one-way ANOVAs, where the factor was reference vs. restored 
status time was used as the replicate as only one count was carried out per 
sampling occasion (Brawley ed al., 1998; Armitage, 2003). A Levenes’s test was 
used to test for homogeneity of variance and in cases where homogeneity of 
variance could not be achieved through transformation of the data; a Kruskal- 
Wallis test was used. 
 Behaviour was analysed separately for each species with two-factor 
ANOVAs, where the dependent variable was the number of birds observed 
engaging in each activity, and the independent variables were site and tidal 
height. When individual factors were found to be significant interactions were 
tested for by a Tukey’s HSD test. 
5.3. Results 
 
 A total of 25 species and maximum density of 1793 individuals per hectare 
was detected when looking at all of the monitoring stations collectively between 
June 2004 and June 2005. Between 16 and 23 species were recorded at each of 
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the four monitoring stations (Paull Holme Strays restored habitat, Saltend, Paull 
Holme Strays existing habitat, Paull Holme Strays existing habitat in 2002) with 
the greatest species richness (23 species) occurring in the restored habitat at 
Paull Holme Strays (Table 5.1). Of those 23 species golden plover make up 39% 
of the abundance per hectare (Fig. 5.3). Wader and waterfowl species diversity 
was highest in the reference habitat at Paull Holme Strays post breach H’ = 2.51 
(Fig. 5.4). Both species diversity and richness increased in this reference area 
post breach.
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Table 5.1: Mean abundance of waders and waterfowl (number per ha) (SE) in 
each site monitored. Restored Paull, Post-breach reference Paull and Saltend 
were monitored from June 2004 to June 2005. Pre-breach Paull was monitored 
from January 2002 to December 2002. 
 Restored Paull Post-breach reference Paull Pre-breach reference Paull Salt-end 
Avocet .53 (.07) .01 (.01) - .21 (.1) 
Recurvirostra avosetta     
Black-headed gull 1.37 (.44) - 1.00 (.82) - 
Larus ridibundus     
Bar-tailed godwit .04 (.01) - .04 (.01) - 
Limosa lapponica     
Black-tailed godwit 1.90 (.62) .11 (.03) .13 (.10) 1.00 (.41) 
Limosa limosa     
Common gull .15 (.05) .08 (.01) .08 (.06) - 
Larus canus     
Common sandpiper - - - .01 (.005) 
Actitis hypoleucos     
Cormorant .08 (.01) .02 (.003) - - 
Phalacrocorax carbo     
Curlew .51 (.14) .30 (.08) .42 (.06) 2.40 (.37) 
Numenius arquata     
Dunlin 1.10 (.58) 1.60 (.86) 4.20 (1.29) 4.20 (.88) 
Calidris alpina     
Greater black-backed gull - - .086 (.07) - 
Larus marinus     
Golden plover 26.68 (13.53) 14.60 (7.09) 41.06 (17.89) 42.58 (24.48) 
Pluvialis apricaria     
Greenshank .05 (.01) .22 (.21) - - 
Tringa nebularia     
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Table 5-1: Continued. 
  Restored Paull Post-breach reference Paull Pre-breach reference Paull Salt-end 
Grey Heron .03 (.006) .02 (.01) - - 
Ardea cinerea     
Grey Plover 17.55 (17.04) .29 (.22) .15 (.15) .26 (.23) 
Pluvialis squatarola     
Knot .69 (.65) 1.74 (1.15) .44 (.34) .32 (.11) 
Calidris canutus     
Lapwing 7.20 (5.37) 1.78 (.74) - 13.51 (4.37) 
Vanellus vanellus     
Mallard .2 (.06) .24 (.07) .34 (.12) .77 (.17) 
Anas platyrhynchos     
Mute swan .04 (.02) - - - 
Cygnus olor     
Oystercatcher .09 (.04) .11 (.04) .04 (.01) .05 (.02) 
Haematopus ostralegus     
Redshank .38 (.09) .75 (.18) 1.15 (.59) 3.92 (.82) 
Tringa erythropus     
Ringed Plover .36 (.17) .07 (.02) .08 (.04) 1.04 (.18) 
Charadrius dubius     
Shelduck 1.14 (.23) .58 (.17) .34 (.06) .82 (.19) 
Tadorna tadorna     
Teal 2.14 (.65) - - 2.17 (.73) 
Anas crecca     
Turnstone .05 (.01) .03 (.01) .02 (.01) .02 (.006) 
Arenaria interpres     
Wigeon .84 (.50) .06 (.01) - - 
Anas penelope         
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Fig 5.3: Pie graph showing the percent abundance per hectare of key species 
found inside the restoration site at Paull Holme Strays between June 2004 and 
June 2005. 
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Fig. 5.4: Shannon-Wiener species diversity index for waders and waterfowl in 
reference and restored sites. The restored habitat at Paull Holme Strays, Post-
breach reference habitat at Paull Holme Strays and Saltend were monitored from 
June 2004 to June 2005. The pre-breach habitat at Paull was monitored from 
January 2002 to December 2002. Higher values represent higher diversity. 
 
 There are seasonal trends in bird use of the restoration site at Paull Holme 
Strays with peak numbers of birds using the site in winter (Fig. 5.5). The trends in 
bird use of the restoration site follow those of the natural habitats monitored 
again with peak bird use occurring in winter (Fig. 5.5), however in the natural 
habitat there is a summer time peak due to a large influx of golden plover 
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Fig. 5.5: Mean abundance of birds per month as monitored from June 2004 to 
June 2005, A) from the restoration site at Paull Holme Strays and B) from the 
natural habitat adjacent to the restoration site at Paull Holme Strays.
 
Differences in the abundance of waders and waterfowl at the four 
monitoring stations (Paull Holme Strays restored habitat, Saltend, Paull Holme 
Strays existing habitat, Paull Holme Strays existing habitat in 2002) were not 
significant (f= 2.04; d.f = 3, 616; p> 0.05). However when the key species used to 
look at behaviour at each of the four monitoring stations were looked at Golden 
Plover (f= 0.47; d.f.= 3,28; p> 0.05) and Teal (f= 0.49; d.f.= 3,16; p> 0.05) 
showed that both location and restoration status did not effect their density. 
Curlew (f= 22.80; d.f.= 3,47; p< 0.01), Dunlin (f= 7.07; d.f.= 3,39; p< 0.01), 
Mallard (f= 5.29; d.f.= 3,41; p< 0.01), Redshank (f= 10.31; d.f.= 3,42; p< 0.01) 
and Shelduck (f= 3.23; d.f.= 3,46; p< 0.05) all had significantly different densities 
based upon location, showing that restoration status/ habitat quality can effect 
density (Fig. 5.6). Curlew, Dunlin, Mallard and Redshank densities were all 
highest in the reference site at Saltend. Shelduck densities at the reference site 
at Paull prior to the breach were lower than at all of the other reference sites and 
the restored site. 
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Fig. 5.6: Wader and waterfowl densities at the restored habitat at Paull Holme Strays, 
Post-breach reference habitat at Paull Holme Strays and Saltend, which were monitored 
from June 2004 to June 2005 and the pre-breach habitat at Paull which was monitored 
from January 2002 to December 2002. Note different y- axes. Letters indicate a 
significant difference in density p<0.05 as determined by a Tukey’s HSD.
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Of the two behaviours looked at feeding was the most common activity 
observed in the monitoring stations (Paull Holme Strays restored habitat and 
Paull Holme Strays existing habitat) with over 60% of Curlew, Dunlin, Redshank, 
Shelduck and Teal foraging when observed between June 2004 and June 2005 
(Table 5.2). Tidal state on its own had no effect on the behaviour of the 
Shelduck, Teal, Mallard, Golden Plover, Redshank, Dunlin and Curlew (Table 
5.2). But the behaviour of Shelduck, Teal, Golden Plover and Dunlin all varied by 
site (Fig. 5.7). Shelduck were found feed significantly more of the time (p< 0.05) 
when inside of the restoration site at Paull Holme Strays. Teal were found to 
spend the majority of their time feeding (p< 0.05) regardless of location, showing 
that restoration status/ habitat quality does not affect their behaviour. Golden 
Plover were found to split their time between roosting and feeding but 
significantly fewer (p< 0.05) Golden Plover were found feeding in the restoration 
site at Paull Holme Strays. Of the sites monitored Dunlin were found to spend 
significantly (p< 0.05) more time roosting in the restored habitat at Paull Holme 
Strays. Curlew behaviour was influence by a combination of site and tidal height 
(Fig. 5.8). Both Shelduck and Teal showed a preference for feeding regardless of 
restoration status. Golden Plover showed a preference for roosting regardless of 
restoration status. Dunlin showed a preference of roosting in the restored habitat. 
Curlew showed a tendency to change from the reference to the restored site at 
mid tide for feeding.
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Table 5.2: A) Percentage of birds (SE) observed exhibiting each behaviour 
across all monitoring sites between June 2004 and June 2005. B) F- values from 
a two-factor ANOVA of tidal height and monitoring site on bird activity from data 
collected between June 2004 and June 2005. 
 
                A) 
Taxa Feeding Roosting 
Curlew  60.5(14.0) 39.5 (14.0) 
Dunlin  85.8 (13.5) 14.3 (13.5) 
Golden Plover 30.5 (23.6) 69.5 (23.5) 
Mallard 43.5 (19.5) 56.5 (19.5) 
Redshank 65.2 (22.5) 34.8 (22.5) 
Shelduck 69.8 (10.4) 22.2 (10.4) 
Teal    87.2 (10.1) 12.8 (10.1) 
 
 
 
                  b)  
Taxa Tide Site Tide x site 
Shelduck 0.756 5.54** 0.842 
Teal    0.829 6.38* 1.63 
Mallard 0.149 1.38 0.721 
Golden Plover 0.405 2.81*** 0.316 
Dunlin 0.616 3.11*** 1.43 
Curlew 2.31 0.104 2.31*** 
Redshank 0.589 0.137 0.726 
 
                 * p < 0.0001; ** p < 0.001, *** p < 0.05
 
 
 
 147 
A
Group
Roostin g ref rence
Roosting restored
Feed ing refrence
Feeding restored
A
bu
nd
an
ce
120
100
80
60
40
20
0
B
Group
Roostin g ref rence
Roosting restored
Feed ing refrence
Feeding restored
A
bu
nd
an
ce
50
40
30
20
10
0
-10
 
C
Group
Roostin g ref rence
Roosting restored
Feed ing refrence
Feeding restored
A
bu
nd
an
ce
1000
900
800
700
600
500
400
300
200
100
0
-100
D
Group
Roostin g ref rence
Roosting restored
Feed ing refrence
Feeding restored
A
bu
nd
an
ce
160
140
120
100
80
60
40
20
0
-20
 
Fig. 5.7: Mean number (± SD) of observed A) Shelduck, B) Teal, C) Golden 
Plover and D) Dunlin feeding and roosting in reference and restored sites at Paull 
Holme Strays between June 2004 and June 2005. 
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Fig. 5.8: Mean number (± SD) of Curlew observed A) feeding and B) roosting in 
reference and restored sites based on tidal height, at both reference and restored 
sites at Paull Holme Strays between June 2004 and June 2005. 
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5.4. Discussion 
 
 Bird densities were lower in the restored habitat of Paull Home Strays for 
every target species but Shelduck, suggesting that the expectation of waders and 
waterfowl rapidly colonizing (within the first year post breach) the restored site is 
not occurring. Both Hemesath and Dinsmore, 1993 and Passell, 2000 suggested 
that both waders and waterfowl would rapidly colonize (within the two years of 
restoration) restored habitats. Evaluation of bird densities within the restored 
habitat a Paull Holme Strays suggests that this habitat is suitable for wetland 
birds, but that colonization will take longer than expected. Lower than expected 
density levels in the restoration site could be due to a number of factors that 
influence the suitability of tidal wetlands for particular bird species. Intrinsic 
factors, such as amounts of food and space at a site, for example and extrinsic 
factors such as success on summer breeding sites and at other locations used in 
migratory paths. Brawley et al. (1998), found that some intrinsic factors may in 
fact help increase the number of wetland birds, they saw as the amount of water 
at a site increased so did the amount of Spartina anglica in the high marsh which 
is a favourable habitat for wetland birds to breed in. However as there was no 
significant difference in overall bird density using the habitat adjacent to the 
restored habitat at Paull Holme Strays before or after breaching there has been 
an overall increase in the number of birds that can be supported by the middle 
Humber estuary. 
As with most estuarine saltmarsh systems, the Humber estuary is highly 
productive. The large amount of organic matter exported from the saltmarshes 
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towards the mudflats leads to high macrozoobenthos productivity. The 
developing restoration study site Paull Holme Strays within the Humber estuary 
was able to produce 12.3 g/m2/year of ash free dry weight in 2005 (see section 
2.3.3 for a detailed analysis on organic content). Which is enough to support the 
2.1 g/m2/year estimated annual food intake by waders (Eybert et al., 2003). 
Therefore food supply should not be a limiting factor for wetland birds within the 
restoration site at Paull Holme Strays. 
Dunlin, curlew, redshank, shelduck, teal and mallard ducks consume a 
wide range of prey items (Del Hoyo and Elliot, 1996), Dunlin forage for 
polychaete worms, small gastropods, crustaceans and bivalves preferentially 
extracted from soft sediments covered by a film of water. Curlews, preferentially 
located in the upper tidal zone consume crabs, small bivalves, large polycheates 
and surface dwelling insects. Redshanks consume amphipods, gastropods and 
polycheates. While the three duck species have a generalist diet, they will 
consume anything from seeds to bivalves to polycheates. But the ducks do have 
dietary preferences based upon the time of year for example Teal, eat primarily 
gnats and snails during their nesting season but prefer plant seeds when 
migrating. Golden plover focus on polychaetes (Nereis diversicolor, Arenicola 
marina) (Del Hoyo and Elliot, 1996), 
Avian density and species richness tends to be greatest in wetlands with 
an adequate supply of water (Capen and Low, 1980), an interspersion of open 
water and vegetation (Weller and Spatcher, 1965) and diversity of vegetation 
types (Craig and Beal, 1992). Reinert et al. (1981) found a direct positive 
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relationship between the density and diversity of waders, shore birds, waterfowl, 
gulls and the availability of open water (permanent pools). They also determined 
that short Spartina anglica communities, (which started to appear within the 
restoration site in 2005) (section 3.3.1) are an essential habitat feature for 
breeding shorebirds. As one of the key borrow pits within the restoration site at 
Paull Home Strays has filled in since breaching there has been a net loss in the 
area of the restoration site that makes up permanent pools. The loss of this 
borrow pit could in part then explain why bird densities were lower in the restored 
site. 
Evaluation of behaviour is an infrequently used but potentially informative 
tool to assess restored site function (Brusati et al., 2001). Monitoring wader and 
waterfowl behaviour may provide important information about whether wader and 
waterfowl actually exhibit a natural range of behaviours in restored sites, not 
simply whether or not they occur. This study suggests that most waders and 
waterfowl exhibit the natural range of behaviours in the restoration site as both 
measured behaviours (feeding and roosting) were observed to happen the 
restoration site. The number of birds observed roosting per hectare was higher or 
equal that of the reference site for all species examined except for golden plover. 
The number of birds observed feeding per hectare was higher or equal that of the 
reference site for all species examined except for golden plover. Since golden 
plover use the restoration site less than the natural habitat for both measured 
behaviours it can be said that while they return to restored habitat it takes longer 
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for them to do so, thus indicating that complete ecosystem functioning takes time 
to establish.  
Additionally, Wader and waterfowl behaviour is governed by tidal 
fluctuations (Recher, 1966; Stenzel et al., 1976) and, in the case of the Curlew, 
tidal cycle had an effect on behaviour. It is possible that tidal cycle would have 
played more of a role in the behaviour of the other bird species if the habitat type 
in both the reference and restored sites were more varied. Both sites consisted of 
tidal flats, which are generally used for feeding while areas of higher elevations, 
and vegetated areas are used as roosting sites (Warnock and Takekawa, 1995). 
The findings of the present study agree with Brusati et al. (2001) who detected 
few differences in the behaviour between natural and created sites.  
It should be noted that Slavin and Shisler (1983) found the abundance and 
diversity of waders, shore birds, waterfowl and gulls increased following the tidal 
restoration of a New Jersey marsh that had been diked and drained for the crop 
production and over time the total bird biomass was far greater on the restored 
marsh than on nearby tidally restricted land. Therefore, the restoration site at 
Paull Holme Strays could be considered successful as waders, shore birds, 
waterfowl and gulls are using the site and they were not prior to breaching. 
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Chapter 6 
 
 
Use of restored mudflats by fish at Paull Holme Strays 
 
6.1 Introduction 
 
Mud and sand flats are a dominant feature of many estuaries, and may 
comprise a significant component of the total estuarine habitat available to fish 
(Morrison et al., 2001). Estuaries are regarded as important sites for fish, as 
nursery grounds, as over wintering sites, migration routes and as areas that 
support large numbers of fish (McHugh, 1967; Elliott and Hemingway, 2002). 
Many studies have assessed the distribution and abundance of juvenile fish of 
estuarine systems, ranging from truly estuarine species, to those that have a 
more broad-based range extending beyond estuarine areas (Lenaton and Potter, 
1987; Kneib, 1997; Elliott et al., 2007) Differences in abundance and population 
size structures have been quantified across a range of spatial and temporal 
scales including latitude, harbours (by way of infrastructure) (Edgar et al., 1999), 
season (Claridge et al., 1986 and Potter et al., 1997), and habitats (Nagelkerken 
et al., 2000). The nursery function of individual estuarine habitats has only 
recently received attention in Europe (Frid and James, 1989; Drake and Arias, 
1991; Jager, 1999). Additionally, connectivity between ocean habitats and 
estuarine habitats is receiving attention. A study done by Able (2005) showed 
that the degree of estuarine use by individual fish species is variable; and that 
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use by an individual species could by influenced by a number of factors including 
but not limited to temperature, salinity, turbidity and food availability. 
The assumption that species exhibit movements/ migrations during their 
life cycles, at various spatial scales, ranging from daily habitat movements to 
larger, permanent movements between systems is central to such studies. These 
movements are implied by documenting large seasonal changes in abundance 
and size structure of various species of fish (Gillanders, 1997). There has been 
little work done on the role of smaller scale movements over short temporal and 
spatial scales for estuarine fishes. This is the scale at which habitat and resource 
usage are likely to be most tightly coupled. Small-scale movement patterns may 
be directly related to feeding dynamics, shelter usage and avoidance of potential 
predators. Knowledge of short- term (hours to days) movement of small fish into 
and out of estuarine systems is confined mainly to situations where movements 
into and out of distinctive vegetated habitats have been assessed indirectly, e.g. 
mangroves (Lin and Shao, 1999), sea grass beds (Rooker and Dennis, 1991) 
and salt- marsh (Thomas and Connolly, 2001). Such movements are most likely 
to be related to feeding and predator avoidance, and may be strongly structured 
by tidal and day-night cycles. Quantification of such movements is central to 
understanding how different fish species, and size ranges within species, utilize 
different components of estuarine systems (Kneib, 2000).   
The aim of this chapter is to examine fish abundance and diversity; to see 
how both abundance and diversity change over time within the constructed 
wetland at Paull Holme Strays; to see how abundance and diversity from within 
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constructed wetland at Paull Holme Strays compares with natural habitats 
adjacent to Paull Holme Strays; to examine the diet of Platichthys flesus 
(flounder). 
 
6.2. Materials and methods 
 
6.2.1 Field Methods 
As each species of fish has a distinct behaviour, different preferences of 
habitat and different method of feeding, a multiple- method, fish sampling 
strategy was needed to accurately sample intertidal mudflats (Southward, 1970). 
Therefore, a range of qualitative techniques in a standard seasonal format at 
fixed sites was developed to provide the best chance of developing a full 
assessment of the status of the local fish communities (Colclough, et al., 2005). 
The following methods were used in this study: sampling occurred using a V 
winged fyke net, a seine net and minnow traps (Hemingway & Elliott 2002). The 
fyke net was set monthly from April to September in 2004, 2005 and 2006 and 
bimonthly from September to April in 2004, 2005, and 2006. The seine net was 
deployed in June, July and August of 2006 and the minnow traps were set 
annually in July of 2004, 2005 and 2006.The decision was made to deploy both 
the seine net and the minnow traps only in the summer as numerous papers 
(Madon, Williams, West and Zedler, 2001; Colclough et al. 2002; Laffaille et al. 
2000) have suggested seasonal variation in the proportion of species utilizing the 
intertidal area is variable and abundance peaks in summer as species prepare to 
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return to deep water for winter and because of limitations to site accesses during 
other parts of the year. 
 The fyke nets used were 2- metres long with an initial hoop diameter of 56 
cm, wings measured 3 meters long and 56 cm high, and were made of 14 mm 
knotless mesh. A net was staked out just inside of the breach site at Paull Holme 
Strays (Fig.6.1). Nets were also staked out at Cherry Cobb and Welwick in areas 
of the mudflat that represent habitat similar to that of which Paull Holme Strays is 
trying to recreate in terms of tidal inundation and sediment characteristics (Fig. 
6.2). 
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Fig. 6.1: Location of fyke net deployment within the restoration site at Paull 
Holme Strays. ** Map modified from IECS map of PHS 
 
 Nets were deployed on a spring tide of each month. The nets were set at 
low water and were allowed to stay in position for the completion of one tidal 
cycle. The nets were positioned to allow them to sample fish draining off of the 
upper marsh areas through the creek systems. The nets were also deployed on a 
spring tide for a period of 12 hours to determine differences between nocturnal 
and diurnal fish assemblages using the sites. Problems with water velocities 
during the time of sampling were experienced, similar difficulties have been 
reported by Bozeman & Dean (1980), as well as Colclough et al. (2005). 
Depending on the location, the nets were considered to be sampling most of the 
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fish populations leaving the marsh, but results cannot be considered fully 
quantitative.
 
 
Fig. 6.2: Study sites along the Humber estuary. 1) Paull Holme Strays, 2) Cherry 
Cobb sands and 3) Welwick. **map modified from googlemaps.com
 
 During the upper part of the tidal cycle, two other methods were employed 
to study the fish use of the upper creeks and salt marsh: 
• One 27 metres X 4 meters knotless mesh seine net with 5mm centre and 
14mm wings was deployed repeatedly at appropriate locations at or near high 
water slack tide on both spring and neap high tides. The area enclosed by the 
net during sampling was approximately 10 m2  
• Bottle traps were staked at low tide at 20 randomly selected pools and 
creeks within the Paull Holme Strays (Fig. 6.3). They were left for a tidal cycle.  
Upon the collection of the nets and traps, they were opened and 
everything that was inside was stored in an ice chest and kept at approximately 
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0° C, until returned to the laboratory. Once in the lab samples were stored at 0° C 
in a freezer until processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3: Location of bottle trap deployment inside of the restoration site Paull 
Holme Strays. ** Map modified from IECS map of PHS
 
6.2.2. Laboratory methods 
 The nekton was thawed in the laboratory. All invertebrates caught as bi 
catch were identified, weighed (wet weight) and measured. In the case of shrimp 
body length was taken from the rostrum to the tail end and for crabs carapace 
width was recorded. Fish had their total length and standard length (Bagenal, 
1968) to the nearest 1mm recorded, as well as total body mass to the nearest 
0.01 g for each specimen. Cutting the esophagus of each sample, near the 
throat, and the intestines at the vent gutted each fish. The stomachs, gonads and 
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livers were removed, and separated from one and other. The gonads were then 
used to determine the sex and maturity of the fish. The stomachs were then 
blotted dry weighed to the nearest 0.01 g. The stomachs were then dissected, 
and the contents of each stomach sorted. The contents were then classed as still 
identifiable or debris. Contents that were still identifiable were then separated 
further into the highest taxonomic separation possible. Once the contents of the 
stomachs were completely separated into groups, mostly at the phylum level, 
each content group was weighed.  
6.2.3. Data Analysis  
The relative composition of the species, in terms of abundance was 
expressed as a percentage of the total and calculated using mean data for each 
site per month for all sampling techniques. Abundance ratio (A/S) values were 
also calculated along with the Shannon Weiner diversity index (H’) and Pielous 
index of evenness (J), for all data collected using the fyke net. 
Species richness and abundance (number of individuals captured per tidal 
cycle) data collected using bottle traps was analyzed by comparing year using 
the 20 traps as replicates using a Kruskal- Wallis test, followed by the Games-
Howell test, which assumes unequal variance as homogeneity of variance 
(tested for by a Levene’s test) could not be achieved through transformation of 
the data.  
Seasonality was compared using a one-way ANOVA looking at 
abundance per month. A Kruskal- Wallis test was used to look at differences in 
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abundance based upon time of day; homogeneity of variance (tested for by a 
Levene’s test) could not be achieved through transformation of the data. 
Species richness per 10 m2 was examined using a one-way ANOVA 
where the factor was location and abundance per 10 m2 was examined using a 
Kruskal- Wallis test where the factor was location as homogeneity of variance 
(tested for by a Levene’s test) could not be achieved through transformation of 
the data. Additionally analysis of the abundance of individual species per 10 m2 
based upon location was preformed. All of this data was tested for homogeneity 
of variance (Levene’s test) and statistical testing of abundance was done using a 
one-way ANOVA. In cases where homogeneity of variance could not be 
achieved through transformation of the data, a Kruskal- Wallis test was used. 
The importance of each prey item in the diet was expressed as a percent 
of the numerical abundance (IN), occurrence of food items in stomachs (IO), and 
weight (IW) (Hylsop, 1980). To study diet variation with fish size, fish were 
separated into 20 mm length classes, which were then compared to one and 
other. A cluster analysis was performed based upon IN, for each length class. 
Diet differences between length classes were checked for homogeneity of 
variance using a (Levene’s test then tested using a one-way ANOVA, if 
homogeneity of variance could not be achieved through transformation of the 
data, a Kruskal- Wallis test was used. 
 Food selectivity was evaluated by comparing prey availability and diet 
composition in numerical terms using a Spearman rank correlation. A Sorenson’s 
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similarity index was used to produce clusters via the group average sorting of the 
similarity coefficient matrix of niche overlap. While diversity and evenness were 
determined with a Shannon- Weiner and ‘evenness’ indices, these are generally 
accepted as an indication of dietary niche breadth (Hamerlynck and Cattrijsse, 
1994). 
6.3. Results  
A total of 11 fish species were encountered using Paull Holme Strays after 
3 years of development since breaching (Table 6.1) using a fyke net fish 
sampling strategy. Overall the fish community was dominated by flounder, 
(Platichthys flesus). Species evenness was higher 2005 and 2006 than it was in 
2004 just after breaching (Table 6.2). Species richness was highest in 2005 
(Table 6.2). Fish species diversity (H’) was highest in 2005 (Table 6.2)
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Table 6.1: Abundance of fish at Paull Holme Strays based upon fyke net catch 
from 2004 to 2006.  
      Year      
    2004       2005       2006   
  
Total 
Abundance 
% 
Dom 
Cum 
%   
Total 
Abundance 
% 
Dom 
Cum 
%   
Total 
Abundance 
% 
Dom 
Cum 
% 
3- Spine stickle back 0 0 0  1 0.8 0.8  0 0.0 0.0 
Gasterosteus aculeatus trachurus var.          
Bass 0 0 0  2 1.7 2.5  0 0.0 0.0 
Dicentrarchus labrax            
Cod 0 0 0  3 2.5 5.0  1 1.0 1.0 
Gadus morhua            
Eel 0 0 0  2 1.7 6.6  4 3.8 4.8 
Anguilla anguilla            
Flounder 1 100 100  105 86.8 93.4  76 73.1 77.9 
Platichthys flesus            
Goby 0 0 100  0 0.0 93.4  1 1.0 78.8 
Pomatoschistus 
minutus            
Herring 0 0 100  0 0.0 93.4  1 1.0 79.8 
Clupea harengus            
Place 0 0 100  2 1.7 95.0  16 15.4 95.2 
Pleuronectes platessa            
Sole 0 0 100  4 3.3 98.3  0 0.0 95.2 
Microstomus kitt            
Sprat 0 0 100  1 0.8 99.2  1 1.0 96.2 
Sprattus sprattus            
Whiting 0 0 100  1 0.8 100.0  4 3.8 100.0 
Merlangius merlangus                       
 
Table 6.2: Biological parameters of fish captured at Paull Holme Strays (means ± 
SD) for each year of sampling. 
Year H' J' S A A/S 
2004 0(0) 0(0) 0.2(0.44) 0.2(0.44) 0.2(0.44) 
2005 0.37(0.29) 0.32(0.25) 2.5(1.22) 20.5(10.74) 8.58(5.53) 
2006 0.34(0.42) 0.29(0.32) 2.14(1.57) 19.14(17.74) 7.02(4.87) 
* S= number of species; A= number of fish caught; H’= Shannon Weiner diversity; J’= Pielou’s evenness; 
A/S= abundance ratio. 
 
The results of three successive years of bottle trapping inside the restored 
site (Paull Holme Strays) show that in 2004 the catch per unit effort (CPUE), was 
five species and 112 individuals. Compared to the CPUE in 2005, which was one 
species at one station, and six species and 260 individuals in 2006. This 
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indicates that not all species were found every year (Table 6.3). For example four 
3-Spined Sticklebacks (Gasterosteus acuteatus) were caught in 2004, while none 
were caught in 2005 and 2006. Ditch shrimp (Palaemonetes varians) and Mysid 
Shrimps (Neomysis integer) were only caught in 2006. 
Table 6.3: Abundance of nekton at Paull Holme Strays based upon bottle 
trapping from 2004 to 2006. 
   year       
    2004     2005     2006   
  
Total 
Abundance 
% 
Dom 
Cum 
% 
Total 
Abundance 
% 
Dom 
Cum 
% 
Total 
Abundance 
% 
Dom 
Cum 
% 
Common littoral 
crab 42 38 38 0 0  11 4 4 
Carcinus maenas          
Brown shrimp 42 38 76 1 100  10 4 8 
Crangon crangon          
3-Spine stickle 
back 4 3 79 0 100  0 0 8 
Gasterosteus 
aculeatus          
Pink shrimp 1 0.9 80 0 100  0 0 8 
Pandalus 
montagui          
Common goby 23 20 100 0 100  37 14 22 
Pomatoschistus 
minutus          
Opossum shrimp 0  100 0 100  51 20 42 
Neomysis integer                           
Ditch shrimp 0  100 0 100  151 58 100 
Palaemonetes 
varians                   
  
There was a significant difference in the number of individuals found per 
year (abundance) in the bottle traps (χ2= 39.56; d.f.= 2; p< 0.01). A Post Hoc 
Games-Howell test for number of individuals per year showed that there was a 
significant difference (p<0.05) between 2005 and 2006, and that there was a 
significant difference (p<0.05) between 2004 and 2006 (Fig. 6.4).
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Fig. 6.4: Temporal changes in mean abundance (± SD) of nekton captured in 
bottle traps between 2004 and 2006. Letters indicate a significant difference in 
abundance between years based upon a Games– Howell test (p< 0.05). 
 
There was a significant difference in the total number of species found per 
year (species richness) (χ2= 41.50; d.f.= 2; p< 0.01). A Games-Howell test 
revealed that the difference in the number of species found between both 2004 
and 2005 (p<0.05) and 2006 and 2005 (p<0.05) but not between 2004 and 2006 
(Fig. 6.5).
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Fig. 6.5: Temporal changes in the number of species (± SD) captured in bottle 
traps between 2004 and 2006. Letters indicate a significant difference in the 
number of species between years based upon a Games– Howell test (p< 0.05).
 
 In 2006 Paull Holme Strays was compared to two reference marshes and 
a total of 7 species were found (Table 6.4). Species evenness and species 
richness were highest at Paull Holme Strays (Table 6.4) Fish species diversity 
(H’) was 0.14 at Cherry Cobb Sands which half as much as what was found at 
both Paull Holme Strays and the reference site Welwick, both sites had a 
diversity index (H’) of 0.36 (Table 6.4).
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Table 6.4: Biological parameters (means ± SD) of fish captured in 2006 for Paull 
Holme Strays (the restoration site), Welwick and Cherry Cobb sands (reference 
sites). 
Site S A H' J' A/S 
Paull Holme Strays 7(1.48) 19.12(16.42) 0.36(0.40) 0.38(0.34) 6.93(4.52) 
Welwick 6(2.06) 5.37(12.81) 0.36(0.55) 0.35(0.49) 1.27(2.10) 
Cherry cobb sands 3(1.12) 7.62(10.51) 0.14(0.27) 0.16(0.26) 4.10(5.16) 
* S= number of species; A= number of fish caught; H’= Shannon Weiner diversity; J’= Pielou’s evenness; 
A/S= abundance ratio.
 
 By comparing the fish catch from diurnal and nocturnal samplings it was 
shown that there was no significant differences between day and night in the 
number of fish (abundance) (χ2 = 1.33; d.f. = 2; p> 0.05) (Fig. 6.6) or the number 
of species (χ2 = 0.103; d.f. = 2; p> 0.05) present at Paull Holme Strays 
(restoration site), or the natural habitats at Welwick and Cherry Cobb (Fig.6.7).
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Fig. 6.6: Mean abundance ±(SD) of fish caught in nocturnal and diurnal samples.
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Fig. 6.7: Mean number of species ±(SD) of fish species caught in nocturnal and 
diurnal samples. 
 
 While there was a trend of less fish being present in the winter/ early 
spring there was no significant difference in the number of fish observed based 
upon the time of year (f =6.23; d.f. = 7,37; p> 0.05), (Fig. 6.8).  
 A total of 11 species were captured using the seine net, Atherina 
presbyter, Gasterosteus aculeatus, Gadus morhua, Anguilla Anguilla, Platichthys 
flesus, Pomatoschistus minutus, Clupea harengus, Pleuronectes platessa, 
Microstomus kitt, Sprattus sprattus, Nerophis ophidion and Chelon labrosus. Of 
these 11 species 3 were only captured using the seine net; the smelt Atherina 
presbyter, the pipefish Nerophis ophidion and the mullet Chelon labrosus. The 
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use of a seine net showed that there was a greater diversity of fish using the 
restored habitat (Paull Holme Strays) per 10 m2 than at the natural habitat 
(Cherry Cobb). (f = 4.87; d.f. = 1,39; p< 0.05) (Fig. 6.9). However the abundance 
of fish per 10 m2 did not differ between the two sites (χ2 = 0.961; d.f.= 1; p> 0.05). 
Additionally nether the abundance of fish (χ2 = 0.00; d.f.= 1; p> 0.05) or the 
species richness (χ2 = 2.24; d.f.= 1; p> 0.05) per 10 m2 differed based upon tidal 
height. Looking a individual species of fish showed that there was no significant 
difference found in the abundance of Platichthys flesus (χ2= 2.05; d.f.= 2; 
p>0.05), Gasterosteus aculeatus (χ2= 1.50; d.f.= 2; p>0.05), Gadus morhua (χ2= 
1.00; d.f.= 2; p>0.05), Anguilla Anguilla, (χ2= 0.45; d.f.= 2; p>0.05), Clupea 
harengus (χ2= 0.70; d.f.= 2; p>0.05), Pleuronectes platessa (χ2= 1.40; d.f.= 2; 
p>0.05), Microstomus kitt (χ2= 1.00; d.f.= 2; p>0.05), Pomatoschistus minutus 
(χ2= 1.00; d.f.= 2; p>0.05), or Sprattus sprattus (χ2= 2.36; d.f.= 2; p>0.05) based 
on time of year. However, Atherina presbyter was only found in June of 2006 but 
it was present at both locations; while Nerophis ophidion and Chelon labrosus 
were only found in June of 2006 at the restoration site Paull Holme Strays.
 
 169 
Date
Novem
ber
August
July
June
May
Apri l
March
January
A
bu
nd
an
ce
20
10
0
-10
 
Fig. 6.8: Fish Abundance at Paull Holme Strays based upon the time of year 
based upon fyke net samples taken from 2004- 2006. 
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Fig. 6.9: Mean (± SD) of the number of species of fish caught per 10 m2 at both 
the Paull Holme Strays (restoration site) and the reference site Cherry Cobb.
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 Both the plaice Pleuronectes platessa (χ2 = 7.50; d.f. = 1; p< 0.05) and the 
herring Clupea harengus (f= 5.61; d.f.= 1; 14; p< 0.05) had significantly more 
individuals per 10 m2 present in the natural habitat (Cherry Cobb) than at the 
restoration site (Paull Holme Strays) (Fig. 6.10). No other species caught were 
found to vary in abundance per 10 m2 based upon the location. However, Clupea 
harengus was captured using the fyke net only at the restored site (Paull Holme 
Strays) in July 2006, as was Gadus morhua. The sprat, Sprattus sprattus, as with 
Clupea harengus was only caught using the fyke net at Paull Holme Strays in 
April of 2006. No significant differences were found in the numbers of the 
common eel Anguilla anguilla present based upon site (χ2= 2.15; d.f.= 2; p> 
0.05). As with Anguilla anguilla, the number of plaice Pleuronectes platessa 
found did not vary by site (f= 0.78; d.f.= 2,3; p> 0.05).  The number of whiting 
Merlangius merlangus did not differ between the restored site and the natural 
habitat at Welwick (χ2= 2.07; d.f.= 1; p> 0.05) although no whiting were found in 
the natural habitat at Cherry Cobb. Platchthys flesus numbers were not 
significantly different between the restoration site and the natural habitat Cherry 
Cobb (f= 3.98; d.f.= 2, 18; p> .05), but both of these sites had significantly more 
individuals present than at Welwick (mean diff. 13.42; SE = 4.76; p< .05).
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Fig. 6.10: Mean number of individuals (abundance) (± SD) of (A) Pleuronectes 
platessa and (B) Clupea harengus per 10 m2 based upon location in 2006. 
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As flounder were the most abundant fish caught within the restoration site 
(Table 6.5) they were used to assess feeding behaviour in the restoration site. 
The flounder ranged in length from 27 to 305 mm (Fig. 6.11). Males had a mean 
length of 137 mm and females had a mean length of 145 mm and fish ranged in 
age from 0 + to 6 years of age, with fish between 135 and 145 mm representing 
age 2 based on samples taken during this study. Males and females were 
equally abundant up to about 140 mm, with larger fish being mostly female. A 
majority of the individuals sampled were found to be mature (72 %). The overall 
percentage of empty stomachs was 26%. A log-linear model showed that a 
change in the percentage of empty stomachs was not dependent on length-group 
(Fig. 6.12) (χ2= 6.374; d.f. = 6; p > 0.05). The percentage of empty stomachs was 
also shown not to be dependent upon the season of collection (χ2= 2.52; d.f. = 2; 
p > 0.05).
Table 6.5: Monthly actual abundance of flounder in samples from Paull Holme 
Strays from April 2004 to April 2006 
 
Month N % all fish species 
June 04 1 100 
July 04 0 0 
August 04 0 0 
September 04 0 0 
October 04 0 0 
April 05 23 82.14 
May 05 1 100 
June 05 18 100 
July 05 26 86.67 
August 05 23 85.19 
November 05 15 78.95 
January 06 0 0 
March 06 1 100 
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Fig. 6.11: Length frequency histogram for flounder samples from Paull Holme 
Strays. Data is for the whole sampling period(2004-2006) so growth over time 
would merge the cohorts.
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Fig 6.12 Percentage of empty stomachs based upon size class. 1= >100mm, 2= 
100-119, 3= 120-139, 4= 140-179, 5= <180.
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 Of the stomach contents analyzed, 85% of the items were identified to one 
of thirteen prey categories (Table 6.6). Annelids were the most dominant group, 
occurring in 45% of the stomachs, contributing to 60% of the prey in terms of 
abundance and 34% of the total prey weight or biomass. Nereis (Hediste) 
diversicolor was the most abundant species (40% of total prey), contributing 34% 
to the biomass. Similarly, 16% of all prey was the amphipod Corophium volutator, 
and this species contributed 6% to the total biomass, while the mysid 
Schistomysis sp. contributed 12% in terms of abundance and 5% to the biomass. 
Other prey found in the stomachs included molluscs, insects, bivalves and 
various other annelid species, in total contributing 18% to the prey biomass. 
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Table 6.6: Prey composition of Flounder diet from samples taken from Paull 
Holme Strays 
Prey taxa % FO % N % W 
Nereidae    
Nereis diversicolor 39.60 31.08 34.08 
    
Tubificidae    
Tubificoides benedii 3.96 16.02 + 
    
Enchytraeidae 0.99 12.55 + 
Total annelids 44.55 59.65 34.18 
    
Tellinidae    
Tellinacea sp. 1.98 0.58 0.65 
Macoma balthica 4.95 4.05 0.61 
Tellinacea sp. Juv. 7.92 2.90 0.76 
    
Hydrobiidae    
Hydrobia ulvae 0.99 + + 
Total molluscs 15.84 7.72 2.03 
    
Portunidae    
Carcinus maenas 6.93 1.54 38.71 
    
Crangonidae    
Crangon crangon 1.98 0.58 13.01 
    
Corophiidae    
Corophium volutator 13.86 16.22 6.11 
    
Mysidacea    
Schistomysis sp. 11.88 12.16 5.42 
Total crustaceans 34.65 30.50 63.25 
    
Tipulidae 0.99 + + 
Total insecta 0.99 + + 
    
bi-valve siphons 2.97 1.74 0.53 
Total other 2.97 1.74 0.53 
% FO = percent frequency of occurrence, %N = percent number, %W = percent by weight, + indicates 
presence but percentage less than < 0.5.
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The size of the predator had no effect on the abundance of prey items in their 
stomach (Fig. 6.13). 
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Fig. 6.13: Number of prey items for stomachs having some contents. Median, 
box limits 25% and 75%. Whiskers indicate the inner fence, rings are values 
within the outer fence, and asterisks are far outside values. The number of non-
empty stomachs with an identifiable number of prey is given at the bottom of the 
figure.
 
In stomachs with 3 or more prey, 53% contained both relatively fresh and 
severely digested prey simultaneously. Neither the percentage of empty 
stomachs (χ2 = 1.01; d.f.= 2; p> 0.05) or diet (χ2= 2.34; d.f.= 2; p> 0.05) differed 
between sexes. There were no statistically significant seasonal differences in the 
diet based upon size class (χ2 = 7.03; d.f.= 6; p> 0.05). The influence of predator 
size on diet composition shows that the main pattern of diet was similar, however 
as predator length increased the importance of Nereis diversicolor to the overall 
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prey weight biomass decreased and the importance of other prey like Carcinus 
maenas became more important to the prey weight biomass (Fig. 6.14, Table 
6.6). This reflects a change of feeding behaviour - moving from taking relatively 
sedentary prey to prey that is more mobile. Conversely, the importance of both 
Corophium volutator and Schistomysis sp. seems to be relatively stable. Neither 
niche breadth or niche overlap of the predator’s diet seem to be affected by size 
(Fig. 6.15,Table 6.7).
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Fig. 6.14: Main prey categories of flounder (Platichthys flesus) by 20 mm length 
groups, presented as frequency of occurrence (%FO) and percentage by weight 
(%W). 
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Fig. 6.15: The Shannon- Wiener diversity index (H’) and Pielous index of 
evenness (J) for the diets of the flounder based upon size class. 
 
Table 6.7: Sorenson’s similarity index showing the similarity of diet between the 
different length groups of flounder in this study. 
 <100 101-119 120-139 140-159 160-179 
<100      
101-119 1.00     
120-139 1.00 1.00    
140-159 0.86 0.86 0.86   
160-179 0.86 0.86 0.86 0.67  
>180 1.00 1.00 1.00 0.86 0.86 
 
Core samples indicated that a total of 15 species made up the benthic 
community table (Table 6.8). Nereis diversicolor was the most abundant species 
found, and 90% of the community consisted of N. diversicolor, Nematoda, 
Acarina, Hydrobia ulvae, Paranais littoralis and Enchytraeidae. Spearman rank 
correlation revealed that diet was not reflective of prey availability (p> 0.5) 
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although N. diversicolor was the most abundant species both in the predators’ 
stomachs and in the cores.
Table 6.8: Species abundance per m-2 and percent make up of the benthic 
community based upon core samples. 
Species Mean abundance % of population 
Nereis diversicolor  333.64 49.33 
Nematoda 121.32 17.94 
Acarina 48.53 7.18 
Hydrobia ulvae 42.46 6.28 
Paranais litoralis 30.33 4.48 
Enchytraeidae 27.3 4.04 
Crophium volutator 27.3 4.04 
Tubificoides benedii 15.17 2.24 
Macoma balthica 12.13 1.79 
Pygospio elegans 3.03 0.45 
Streblospio shrubsolii 3.03 0.45 
Aphelochaeta marioni 3.03 0.45 
Capitella sp. 3.03 0.45 
Chone/ Jasmineira spp. 3.03 0.45 
Manayukia aestuarina 3.03 0.45 
 
6.4 Discussion 
  
Creeks and mudflats contain many spatial and temporal microhabitats, 
highlighting the necessity both to sample at a range of scales (Zedler, 2000) and 
to assess each site over an entire tidal cycle to make assessments of the 
suitability of different sampling methods. The continuous redistribution and 
clustering of fry in high intertidal habitats can only be shown by combining static 
nets with a variety of mobile sampling gear in a highly adaptive manner 
(Cololough, ed al., 2005). 
The data collected in this study shows that there is a seasonal trend in fish 
utilization of the created marsh-flat at Paull Holme Strays with a peak in 
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abundance in June (Fig. 6.8). Additionally, flounder were found to be the most 
commonly captured user of the newly created marsh-flat habitat. Marsh-flat 
researchers have aimed to determine what nektonic animals use saltmarshes 
and when they use them. A generalization from studies of nekton is that fish and 
crustaceans using the marsh flat are mainly resident on or near the saltmarsh for 
their entire life cycle, while juvenile fish congregating around the edge of the salt-
marsh are juveniles of species that spawn elsewhere in the estuary or oceanic 
waters (Peterson and Turner, 1994).  
 A more detailed classification by Peterson and Turner (1994) places 
nekton into four distributional categories: 
1. On the marsh flat at all times (remains in pools at low tide, dominated by 
Gasterosteidae such as sticklebacks). 
2. On the marsh flat at high tide, but retreating to subtidal fringing vegetation 
at low tide, (killifish, minnows (Cyprinodon), grass shrimp (Palaemonetes), and 
portunid crabs (Callinectes)). 
3. Onto the marsh edge at high tide, but penetrating only a few meters onto 
the flat, and into subtidal creeks at low tide (this type comprises mainly juveniles 
of commercially important species such as mullet (Mugilcephalus) and penaeid 
shrimp). 
4. Remaining subtidal, not really entering salt marsh at all, but being in close 
proximity in creeks (e.g. juvenile Atlantic menhaden (Brevoortia tyranmus), a 
major commercial fish in the USA). 
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A total of 85 species of fish are known to inhabit the Humber estuary and of 
those 43 are known to inhabit the middle estuary; of those 43, 11 were found to 
be using the mudflats and salt-marsh of restored and references sites in the 
middle estuary. This indicates that only a small number of species occurring in 
the Humber are using the upper mudflats and marshes of the mid Humber 
Estuary. 
The majority of the fish taken in the present study were juveniles, which 
provides evidence that despite extensive anthropogenic disturbance in the 
system, this portion of the estuary is a nursery area. Shenker and Dean (1979) 
highlighted a degree of utilization of intertidal creek habitat by larval and juvenile 
fishes, and stated that differences in diurnal and nocturnal activity, coupled with 
variation in catch sizes, serve to reduce space and energy competition. While no 
significant differences in diurnal and nocturnal catch sizes were seen, the trend 
was towards a greater abundance of fish present during the day. Copp and 
Jurajba (1993) found significantly greater number of potentially piscivorous fishes 
at night in marsh habitats and concluded that saltmarsh habitats are too shallow 
for larger fish to risk entering during daylight hours for feeding, for risk of 
stranding or predation by birds. Paterson and Whitfield (2000) found a high 
positive correlation between water depth and number of piscivorous fish in a 
temperate southern African estuary. Water depth at the present study sites was 
relatively deep, (Section 2.3.1) thus partly explaining why no significant 
differences were found in diurnal/ nocturnal samples.  
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Many fish species complete their life cycles in tropical and subtropical 
estuaries (Blaber et al., 1989; Roberson and Duke, 1990), but there is less 
evidence they do so in temporal regions (Claridge et al., 1986; Potter et al., 
1990). However, Elliott and Dewailly (1995) listed only 26 out of 186 species 
occurring in 16 European estuaries as being estuarine dependent meaning that 
they live there whole lives in the estuary. Therefore most European temperate 
estuaries are not critical to the survival of their visitors, as they can complete their 
entire life cycle without entering an estuary with the exception of diadromous 
species such as A. anguilla.  
Abiotic water conditions (salinity and temperature) are often suggested as 
controls for seasonal patterns of species occurrence (Thiel et al., 1995; Marshall 
and Elliott, 1998). Temperature can and will effect the distribution of fish through 
different thermal tolerances based upon species (Marshall and Elliott, 1998). 
Although it has not been recorded for estuarine species, an upper lethal limit of 
25 °C the species with the lowest thermal tolerance (Poxton and Allouse, 1992). 
25 °C was greater than the highest temperature recorded during this study 
(Section 2.3.6); therefore it is unlikely that thermal tolerances alone are the main 
factors influencing the distribution of the species examined. Salinity has been 
shown to have a greater influence on the species composition within the Humber 
than temperature (Marshall and Elliott, 1998). As each species of fish has a 
distinct salinity tolerance. As salinity during this study remained relatively 
constant only dipping in August of 2004 after a severe rain storm (Fig. 2.19) it is 
thought that salinity effects on fish distribution would be constant only allowing 
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individuals capable of surviving within the specific salinity range of the created 
habitat (Paull Holme Strays) to take advantage of it. While both salinity and 
temperature were measured during this study, correlations with seasonal fish 
distributions could not be made, as the data was not taken simultaneously. 
Additionally the proximity to the mouth of the estuary can and does influence the 
number of species taken.  
Of the species captured, flounder was the most common followed by 
plaice, both are flatfish. Like other flatfish they inhabit areas based upon prey 
availability seasonal temperature changes and substrate type (Rackowski and 
Pikitch, 1989). In the mid Humber estuary where this study took place the 
sediment is predominantly fine silt and clay (Section 2.3.3) with little benthic 
macrovegetation. These are ideal conditions for flatfish which if food is available 
and temperature is with in range choose their habitats based upon the size of the 
sediment grains (Riley et al., 1981).  
Flounder (Platichthys flesus) feed based upon the perception of water 
currents coming from their prey by the lateral line on their blind side and site 
(Bergnballe, 1961; Muus 1967). They assume an attack posture with their heads 
lifted off of the substratum, braced on the rays of their dorsal and ventral fins, 
then suddenly bury their heads into the substrate, while hovering in the water 
with their dorsal fin above the substratum (Summers, 1979). They feed by both 
day and night moving inshore approximately two hours before low tide and return 
to the sublitoral zone two hours before the next low tide (Buckley, 1989; 
Summers 1979). Data collected during this study shows that a flounders (P. 
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flesus) diet consists mainly of polychaetes (60% of their diet) and crustaceans 
(16% of their diet). This agrees with the findings of de Groot, (1971) who 
characterized Platichthys flesus as being in the Pleuronectidae of type II, which 
feed mainly on crustaceans but also consume polychaetes and molluscs.  
 15 invertebrate species were identified from the core samples (Section 
4.3). Of these, only 6 were found in their stomachs. The cores may be biased in 
that they sampled the top 10 cm of sediment, whereas flounder may only be able 
to capture items within the top 1-2 cm, thus over estimating potential prey items. 
Of the species found in both the cores and stomachs annelids made up 44 
percent of the diet. This may reflect the fact that most annelids live within the top 
2 cm. Molluscs only formed 15% of the diet indicating that there is little dietary 
selection for them by the flounder; this may reflect the fact that most molluscs 
burrow within the sediment, reducing the ability of flounder to take the prey (More 
and More, 1976), together with the relative indigestibility of the shell. However, 
the corer captures infauna that may emerge at some point and thus is available 
to the flounder. Hardisty (1986) suggests and Marshall (1995) found that some 
prey items might not be accounted for in benthic cores due to Platichthys flesus 
adaptability in capturing prey thus allowing it to feed on free-swimming organisms 
in the water column as well as prey buried in the sediment. The results of this 
study agree with these findings as both Carcinus maenas and Schistomysis sp. 
were found as components of the fishes’ diet. Several studies (Ramos, 1981; 
Lagardere, 1987;Molinenro and Flos, 1991; Cabral, 2000) on other species of flat 
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fish have suggested that as the fish become larger so do the prey, which was 
seen in this study. 
As indicated by the stomach content analysis and the occurrence of prey 
items, many of the prey taken are more likely to occur in the intertidal areas than 
in the subtidal areas, including: Nereis, Corophuim and Macoma all of which 
occurred in relatively high densities within the core samples taken (Section 4.3). 
Hence, Platichthys flesus appears to be dependent on intertidal areas for 
feeding. There were no significant differences in the type of prey that was taken 
by Platichthys flesus based upon size class, therefore there is a niche overlap 
based upon size class. This could lead to strong intra-specific competition 
between the various size classes of Platichthys flesus, which are competing with 
one and other for a limited amount of food that is available at high tide on the 
intertidal mud flats. This competition could be a limiting factor to the overall 
population of Platichthys flesus as not only are they competing with themselves 
for food but also there is also inter-specific competition with other species of fish 
such as sole that are dependent on the intertidal mud flats at high tide for food 
(Marshall, 1996).  
 
 186 
Chapter 7 
Final Discussion and Conclusions  
 
Wetlands frequently are constructed to mitigate and/or compensate for 
loss of ecosystem habitats and services caused when human activities, such as: 
surface mining, highway and pipeline construction, and urban development, lead 
to the destruction or degradation of natural wetlands (Zedler et al., 2001, Thayer, 
1992). Wetland creation typically involves many aspects, including structural 
components as well as ecosystem functioning (www.ser.org; Ruiz-Jaen and 
Aide, 2005). The emphasis in this thesis has been on the initial biological 
response to habitat restoration. However, after this, many wetland creation 
projects fail to monitor the development of all wetland dependent ecosystem 
services following construction (National Research Council, 1992). 
There is much debate on how to define restoration success. One 
approach is to use clearly specified targets, set in agreements, contracts or 
permits (Kentula, 2000). Other possibilities for assessing success are to compare 
the ecological structure or functioning of a restored site with one or more 
reference sites (Edwards and Proffitt, 2003). Historical reference can also be 
used for assessing success; in this case success criteria are based on what the 
wetland was like before the industrial revolution and before the application of 
artificial fertilizer (de Jonge and de Jong, 2002). Regardless of the method used 
to measure restoration success the bigger question still remains, should the aim 
of restoration be focused on replacing ecosystem structure or on ecosystem 
functioning. Zedler and Lindig-Cisneros (2000) defined structure as a condition at 
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one point in time (e.g. species diversity) and function as a process that occurs 
over time (e.g. primary production), and concluded that structural measures are 
often used as substitutes for functioning. Zedler and Callaway (1999) furtherer 
point out that the restoration of function often takes much longer than the 
restoration of structure its self. While I agree with the fact that proper structure 
and function are key to a successful restoration, this thesis focuses on the 
restoration of the structural component, as it is the first and most important stage 
in wetland restoration. 
The present project utilized several methods to assess the success of 
development of Paull Holme Strays. Ecological structure within the restored 
wetland of Paull Holme Strays was compared with one or more reference sites. 
This method of monitoring was carried out as the primary goal of Paull Holme 
Strays was and is to provide flood protection, with habitat creation regarded only 
in terms of an additional benefit (Richardson, 2004). Problems with this type of 
monitoring arise from reference site choice as this choice can strongly influence 
the outcome of comparisons (Kentula, 2000; Morgan and Short, 2002). Besides, 
comparing conditions with a natural reference system may not be realistic 
because restoration may start on a different substrate or at a different elevation 
(Thom, 2000), or because the reference site its self may be degraded. Doing so 
showed several contrasts in the ecological structure between the natural and 
restored areas.  
Saltmarsh a key component to a successful wetland restoration is the 
vegetated part between the land and sea, which receives frequent tidal 
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inundation (Adam, 1990). Once vegetation has established it can serve many 
different functions, for example, sediment trapping (accretion Chapter 2), nutrient 
cycling redox potential (Chapter 2), dissipation of wave energy, spawning areas 
for fish, feeding areas for both fish (Chapter 6) and birds (Chapter 5), breeding 
and resting areas for birds (Chapter 5) ect.  
Saltmarsh colonization rates and species diversity were highest at the 
highest elevation of a restoration site. Superimposed on the importance of 
surface elevation is the effect of bioturbation and herbivory by the ragworm 
Nereis diversicolor. Ragworms generally occur at the level of low intertidal 
mudflats up to the transition to pioneer salt marsh where vegetation is sparse. In 
this transition area they may have a negative effect on the survival of Salicornia 
seedlings, but the effect should be viewed in relation to physical parameters of 
tidal currents and soil properties. In general it can be concluded that the higher 
the surface elevation relative to sea level the better the colonization potential for 
saltmarsh species (Cornu and Sadro, 2002; Williams and Orr, 2002). However, 
competition from less salt-tolerant species will become increasingly important 
with increasing elevation. In this respect, land use before and after de-
embankment may play a role in the establishment of salt-marsh species.  
Benthic invertebrate abundance and diversity remained lower than those 
in the natural sites after two years. The rate of establishment of invertebrates can 
be related to their mobility both as adults and as juveniles where many have 
planktonic stages (Atkinson et al., 2001). Colonisation of restoration sites also 
seems to be related to the availability of suitable sediments (Garbutt et al., 2006). 
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Evans et al. (1998) found that colonisation of a newly created area of intertidal 
land by invertebrates was slower than expected due to compaction caused by 
earth moving equipment during the restoration process. Similar conclusions were 
derived from Chapter 4, which showed that the most successful areas for 
invertebrate colonization were those with high levels of newly accreted sediments 
(Chapter 2). Overall the restoration site showed an increase in abundance and 
diversity over the two years was seen which suggests that the restoration site is 
on a recovery trajectory towards the natural system. Shorebirds and fish, though 
substantially more mobile than benthic invertebrates, also frequently differed in 
ecological structure between natural and restored sites. In this case of 
shorebirds, however, the abundance and diversity was often as high or higher in 
the natural areas, suggesting that the restored habitat was able to quickly 
develop both intertidal mudflats (Chapter 2) and saltmarsh (Chapter 3) that were 
suitable to shorebirds. Most bird species were only found in a subset of the study 
site (which were pooled to compare to natural habitats). However, each subset 
contributed to the integrity of a larger landscape level landscape wetland matrix, 
in which a diverse shorebird assemblage comparable to other UK estuarine 
wetlands (Colwell and Landrum, 1993) was encountered indicating that the 
restoration of Paull Holme Strays increased the carrying capacity of the Humber 
Estuary for shorebirds (Chapter 5). Furthermore, subsets of the restored site that 
were not heavily used by shorebirds may have achieved additional restoration 
goals, including provision of biogeochemical processes or habitat for marsh 
vegetation, invertebrates, and fish. Therefore, wetland restoration should be 
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considered on a large, landscape scale that considers the types of habitats that 
already exist within the wetland and those that are lacking. Defining restoration 
goals to encompass the range of processes and target organisms, from annelids 
to shorebirds, will aid in the creation of restoration sites that contribute to the 
integrity of the regional wetland landscape and supplement pre-existing habitats. 
 The present study utilized several approaches to evaluate habitat 
restoration success. Assessments of faunal assemblages in restored coastal 
wetlands demonstrated some of the structural similarities and differences 
between natural and restored areas. Experimental manipulations revealed finer 
scale contrasts in species assemblages. These studies suggest that even if 
faunal colonization of restored areas occurs, biotic and aboiotic interactions 
among community components will not necessarily be similar as well. A 
combination of both monitoring and experimental studies will provide a more 
thorough understanding of the degree of restoration success on both structural 
and functional levels. 
Long-term post-construction monitoring of constructed wetlands suggests 
that there is an initial lag before these ecosystems provide the same level of 
ecosystem service as the natural wetlands they were designed to replace (Craft 
et al., 1988, Levin et al., 1996 and Zedler, 2000). In some cases selected 
ecosystem services lost to natural wetland degradation or destruction require 
considerable time to develop (Craft et al., 2002) or are never adequately 
replaced (Zedler, 1993). Therefore the challenge comes from how to determine if 
a wetland restoration has been successful, and in how do we measure that 
 191 
success (Elliott et al., 2007). If wetland creation and restoration is to be 
successful at replacing habitat loss, it is important to know how much time is 
needed for these ecosystems to achieve equivalence to natural wetlands and 
once equivalence is achieved, whether they provide long-term ecological 
benefits. 
 The initial monitoring of Paull Holme Strays has shown that the landward 
realignment of coastal defences quickly produced intertidal mudflats on low-lying 
agricultural land (Chapter 2) with ecological structure as seen by the colonization 
of saltmarsh plants (chapter 3), invertebrates (Chapter 4), fish (Chapter 6) and 
birds (Chapter 5). This was possible with fairly minimal pre-treatment, and simple 
management, which allows tidal ingress through two uncomplicated and small 
breaches. What has yet to be seen is if the restoration site at Paull Holme Strays 
will gain ecosystem functioning. 
In general, it can be concluded that managed realignment is a suitable 
means for the restoration of wetlands on formerly reclaimed land and offers an 
excellent opportunity to study the initial stages of wetland ecosystem 
development and primary succession. 
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